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ABSTRACT
The adverse social and financial impacts of catastrophic disasters are increasing as
population centers grow. After disastrous events, the government agencies must respond to postdisaster housing issues quickly and efficiently and provide sufficient resources for the
reconstruction of destroyed and damaged houses for full rehabilitation. However, post-disaster
housing reconstruction is a highly complex process because of the large number of projects,
shortage of resources, and heavy pressure for delivery of the projects after a disastrous event. This
complexity and lack of an inconsistent, systematic approach for planning lead to an ad-hoc
decision-making process and inefficient recovery. This research explored modular construction as
a highly time-efficient approach to tackle the abovementioned challenges and facilitate the housing
reconstruction process.
Firstly, this research investigated the feasibility of using the modular construction method
for rapid post-disaster housing reconstruction through a targeted literature review and survey of
subject matter experts to broaden the understanding of modular construction-based post-disaster
housing reconstruction, benefits, and barriers. Second, this research focused on improving the
design and pre-planning phase of modular construction that can facilitate the successful
implementation of modular construction in a post-disaster situation. To this end, a BIM-based
generative modular housing design system was developed by using Generative Adversarial
Networks (GANs) to automate the entire design process by incorporating manufacturing and
construction constraints to fit the needs of the modular construction method. The framework was
further extended by developing an optimization model to optimize the modularization strategy in
the early design phase which was capable of reflecting the entire multi-stage process of modular

x

construction (production, transportation, and assembly), and considering both individual project’s
requirements and post-disaster housing reconstruction portfolio’s requirements.
The outcomes of this study fit the MC industry that may be used by designers and modular
housing companies looking to automize their design process. It is also expected to provide critical
benchmarks for planners, decision-makers, and community developers to facilitate their decisionmaking process on considering modular construction as an efficient way for mass post-disaster
housing reconstruction and addressing communities’ housing needs following a disastrous event.

xi

CHAPTER 1.

INTRODUCTION

Widespread destruction of homes and infrastructure systems after catastrophic disaster
events forced a large number of people to leave their destroyed or damaged homes. In Hurricane
Katrina, for instance, more than 200,000 homes in New Orleans were damaged by flooding and
800,000 citizens were urged to leave their houses[1]. The most critical and time-consuming step
of a post-disaster recovery process is promptly providing permanent housing for affected people
[2]. According to FEMA, it might take up to five years to fulfill permanent housing needs in the
affected areas from the time of the disaster’s impact [3], which can be a very long period for
restoration of an average citizen and returning to a normal livelihood [4]. Therefore, time is a
pivotal factor in the post-disaster housing reconstruction (PDHR) process to minimize devastating
social and economic consequences in affected communities [5].
In addition, PDHR is a highly complex process because of a large number of projects and
the shortage of resources after a disastrous event [4]. PDHR generally includes more than hundreds
or thousands of housing projects to recover the affected communities. This complexity and lack of
an consistent, systematic approach for planning lead to an “ad-hoc case-by-case” decision-making
process [6]. PDHR needs a well-organized strategy for an integrated large-scale portfolio of
projects instead of individual building reconstruction projects so that it can deal with the frequent
shortage of resources and minimize the time and cost [7, 8].
Modular construction (MC) has been explored and investigated as a promising solution to
address the time challenge in PDHR because of its inherent characteristic of time efficiency [2, 4,
9]. However, the implication of MC as a systematic approach in the PDHR process has been rarely
investigated in the literature. Practically, in some previous post-disaster situations, MC has been
implemented a solution to decrease the required time between temporary housing and permanent
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housing, for instance, Haiti post-earthquake housing reconstruction in 2010 [10] and PDHR in the
Sikkim Himalaya in 2011 [11]. However, MC has been overlooked by decision-makers as a
holistic approach to address the needs of PDHR (Gunawardena et al., 2014). This reluctance in the
extensive use of MC is not only limited to the post-disaster environment.
Numerous advantages of MC, which include but not limited to shorter project completion
time, lower cost, improved safety and quality [12-15] lead to its adoption in the construction
industry over the past decades. In spite of these advantages, several challenges exist regarding the
project pre-planning and design [16-19]. These challenges often lead to complexity of design, long
lead-in times, design inflexibility, and prolonged planning stage, which can severely diminish the
advantages of MC [20, 21] and impede its extensive adoption [19, 22, 23]. These disadvantages
can significantly counteract the time efficiency of MC in the construction phase and diminish its
suitability for rapid PDHR. Therefore, improving the design process in MC is a key element to
facilitate its implication in the PDHR process.
In addition, for the extensive implication of MC in mass PDHR and fully benefit its
potentials, it needs to be planned to move beyond the prefabrication of individual buildings and be
seen as a multi-product, multi-stage process that can be achieved through adopting principles of
mass customization. The core concept of the mass customization approach is to bring some level
of customization into products while maintaining the standards of efficiency, cost, and quality of
mass production [24]. Effective implementation of mass customization in MC possibly enables a
flexible design that is consistent with customers’ preferences while maintaining the main benefits
of mass production [25], both of which are essential for an efficient PDHR process.
Many researchers investigated the adoption of mass customization in modular house
construction from different perspectives which have been comprehensively reviewed by Larsen et
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al (2019), however, the implementation of mass customization in current practices of MC is
claimed as immature and not ideal [25-27]. From the design perspective, the modularization of a
proposed design plays a pivotal role in the realization of mass customization [28-30]. In other
words, moving toward mass customization requires the dynamic modularization of products’
designs to provide a unique design satisfying the customers’ preferences and requirements [31].
Adopting an optimal modularization strategy in the MC industry is a more challenging task than
one in the manufacturing industry because module configuration for each project must be
optimized considering the specific design requirements of that project [32]. This challenge is
magnified in PDHR where a large number of projects (multi-product) exist, and modularization
must be defined and optimized based on both individual project’s requirements and PDHR
portfolio needs throughout the entire process (multi-stage).
1.1

Problem Statement
In the demanding post-disaster landscape, MC is one of the promising approaches for the

rapid reconstruction of damaged buildings. The scope of this study is residential buildings.
However, several bottlenecks hinder decision-makers to consider it as a holistic solution for
PDHR. In this regard, the following interrelated problems have been identified and set as major
targets of this research.
1- The feasibility, benefits, barriers, and other aspects of utilizing MC in mass PDHR
have been rarely investigated in the related literature. And there is a definite
knowledge gap in understanding the MC potentials in the context of PDHR and
barriers that hinder its implementation.
2- The second problem is associated with the modular building design process. The
complexity of design and long lead-in time in the design process significantly
counteract the time efficiency of MC. The current practices in MC design are
3

attributed to the inflexibility of design and lack of cross-phase coordination.
Although many approaches have been developed to improve the design in MC,
there is a lack of an automated and systematic approach to practically and promptly
identify and explore all possible configurations of a modular building design
according to the current practices and evaluate them pertaining to the
manufacturability, transportability, and constructability constraints to ensure the
feasibility of configurations.
3- The third problem is associated with the optimized implication of MC in the PDHR
process where a large number of projects exist. Finding an optimal modular design
for projects in PDHR portfolio is a challenging task because it requires the
optimization of modular design to (1) meet specific design requirements in every
project, (2) maximize the commonality among projects to maintain the mass
production efficiency, and (3) minimize the cost of downstream processes such as
transportation and assembly. Several researchers have proposed a variety of
techniques and tools to address one or two of these optimization problems in the
context of MC. However, to the best of the author’s knowledge, no research
considered all these optimization objectives simultaneously in the context of using
MC in PDHR.
1.2

Goals of the Study
The overarching goal of this dissertation is to facilitate the disaster recovery processes of

residential houses by providing an automated modular housing design system and a modular
housing design optimization process. To achieve the overarching goal, the author pursues the three
specific objectives:
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1- Increase our understanding of modular construction and its potentials in the postdisaster recovery process by investigating the unrevealed feasibility, benefits, and
barriers of using modular construction methods for the post-disaster reconstruction of
houses through literature review and surveying the experts.
2- Provide an AI-based automated modular housing design generation system using deep
learning and Building Information Modeling (BIM) technologies to facilitate the
generation of the feasible one-story, single-family modular house (MH) design
satisfying given project requirements.
3- Establish a systematic approach for optimizing the modular design in the early design
phase, namely floor plan design, for the multi-product multi-stage MC-based PDHR
by quantifying the optimal modular design in terms of downstream processes (i.e.,
manufacturing, transportation, and assembly) and by incorporating the concepts of
commonality and platform design.
1.3

Scope of the Study
This study focuses on one-story, light-framed, single-family homes, and volumetric

modular construction as a construction method. The main concentration of this study is on the
early design phase including geometric and resilience-based design as well as the design for
manufacturing and assembly of houses. This dissertation includes the surveys of the experts in the
construction industry who have been involved in either or both modular construction and postdisaster reconstruction projects in the United States. This study also proposes an automated design
generation framework for constructible houses according to the norms and principles of the
construction industry in the United States.
1.4

Limitations of the Study
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This study is limited to the design of one-story, light-framed, single-family homes with a
volumetric modular construction method and does not cover different types of buildings and other
modular construction methods. The focus of this dissertation is on facilitating the design process
for rapid PDHR during the early design phase when limited information is available, so the focus
of this study is limited to geometry-based architectural design, not dealing with the requirements
of structural, mechanical, electrical, plumbing, and construction designs. However, other
functional design principles, such as structural design and energy performance that play important
role in the design process are not considered in the scope of this research.
1.5

Organization of the Dissertation
Chapter 2 presents qualitative and quantitative analysis of modular construction in the

context of PDHR. In chapter 3, an automated design generation framework is presented in detail
following by implementation and validation of the framework. Chapter 4 presents a methodology
to optimize the design process for a portfolio of PDHR projects and an illustrative case study for
validation of the proposed method. Chapter 5 presents conclusions and future work plans to extend
the proposed approach.
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CHAPTER 2.
FEASIBILITY AND IMPLICATIONS OF THE
MODULAR CONSTRUCTION APPROACH FOR RAPID
POST-DISASTER HOUSING RECOVERY1
2.1

Purpose of the Chapter
To explore a new approach for tackling the challenge of time in the post-disaster housing

recovery, this chapter aims to investigate the feasibility, benefits, and barriers of adopting a
modular construction-based approach. The first step to move toward the overarching goal of this
dissertation is broadening our understanding of MC-based post-disaster housing reconstruction
(PDHR) using the literature review and perceptions of the experts and practitioners in this field.
2.2

Introduction
From the construction management perspective, the most critical and time-consuming step

of a post-disaster recovery process is promptly providing permanent housing for affected people
[2]. After a disastrous event, temporary shelters may be quickly provided for a short time as an
effort for immediate disaster relief, but permanent housing can take several years to be completely
provided to affected communities [4]. FEMA predicted that permanent housing needs might take
up to five years to be fulfilled after the disastrous event [3], which can be a very long period for
restoration of an average citizen and returning to a normal livelihood [4]. Therefore, time is a
pivotal factor in the PDHR to minimize devastating social and economic consequences in affected
communities [5]. Modular construction (MC) has been claimed as an efficient approach to address
the time challenge in PDHR [2, 4, 9].

This chapter was previously published as Ghannad, P., Lee, Y. C., & Choi, J. O. (2020).
Feasibility and implications of the modular construction approach for rapid post-disaster
recovery. International Journal of Industrialized Construction, 1(1), 64-75. doi:
https://doi.org/10.29173/ijic220. Reprinted by permission of International Journal of
Industrialized Construction.
7

MC has several potentials to provide a holistic approach to solve many of the challenges
in previous PDHR processes [4]. Time efficiency is the most important inherent characteristic of
modular construction [33], which offers great potentials to be a desirable strategy for PDHR. In
some previous post-disaster situations, MC has been utilized as a strategy to reduce the time gap
between the temporary and permanent housing solutions, such as Haiti's post-earthquake housing
reconstruction in 2010 [10] and PDHR in the Sikkim Himalaya in 2011 [11]. However, MC has
not been given enough attention to be utilized extensively as a holistic approach to address the
needs of PDHR [4].
The feasibility, benefits, and barriers of adoption of modular methods in the construction
industry have been extensively investigated in the literature [15, 19]. Many researchers also
investigated the feasibility and challenges of adopting MC in particular fields such as construction
of high-rise buildings [33, 34], construction in dense urban environment [35], sustainable and
resilient construction in coastal areas [36], etc. However, the implication of MC in PDHR has been
rarely investigated in the literature. In one of the few relevant studies, Gunawardena et al. [4]
analyzed the features of MC in the context of PDHR and empirically discussed how MC can
provide a desirable solution for PDHR. Despite the great contribution of this study, it did not
provide a broader perspective of the barriers that hinder the implication of MC-based PDHR. There
is also a lack of a systematic approach to investigate stakeholders’ perceptions of feasibility and
implication on MC for rapid PDHR.
The overarching goal of this chapter is to increase our understanding of the MC method
and its potentials in the context of the post-disaster recovery process. Answering the following
research questions lead to fulfilling the purpose of this chapter:
•

Is it feasible and efficient to implicate MC in post-disaster mass housing reconstruction?
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•

What characteristics of the MC add value to the PDHR process and what barriers hinder
its implication?

•

What are the experts’ perceptions about feasibility, benefits, and barriers of implementation
of MC-based approach for rapid PDHR?

The following steps were followed to achieve the goal of this chapter:
(1) Investigating the feasibility of using a modular construction method for rapid PDHR
through identifying and analysis of benefits and the underlying barriers.
(2) Validate the findings of the literature review and ranking the identified benefits and
barriers of the implications of the MC in the PDHR process by using experts’ opinions to examine
current knowledge/practical gaps and potential research demands for facilitating this implication.
The primary contribution of this research is expanding our knowledge about the modular
construction method in aspects of feasibility, benefits, and barriers of its implementation in the
post-disaster reconstruction process, which has not been fully investigated in the previous studies.
In the first step, the feasibility of using the modular method for PDHR and the benefits and barriers
was investigated through a targeted literature review of previous post-disaster recovery
experiences, and in the second step, stakeholders’ perceptions about implementation of MC in
post-disaster recovery were collected through surveying the experts in this field. The results from
the two steps were compared empirically and statistically for validation and analysis.
2.3

Methodology
The author deployed a two-phase research methodology to achieve the abovementioned

goal and objectives. Figure 2.1 illustrates the overview of the methodology including the proposed
two phases. In the first phase, different types of academic publications related to post-disaster
recovery processes and modular construction were collected for a targeted literature review. In the
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second phase, the author surveyed the experts in this field to validate the findings of phase one and
answer the given research questions.

Figure 2.1
2.3.1

Overview of the methodology

Targeted Literature Review

This research includes the targeted literature review approach, which has been defined as
a thematic review to gather evidence about specific topics or questions [37]. The key areas of this
review are post-disaster housing reconstruction and modular construction. A targeted literature
review was conducted to:
(1) Identify the major challenges in previous post-disaster reconstruction processes and
current practices; and
(2) Find out the features and capabilities that can be leveraged to improve the current status
of a post-disaster reconstruction process.
10

The reviewed literature offered a solid background for this study to identify possible
benefits and barriers of MC implementation in PDHR and explore the methods to facilitate the use
of MC in a post-disaster situation.
2.3.2

Survey of Subject Matter Experts

To validate the findings of the conducted literature review and investigate the stakeholders’
perception of the feasibility of modular construction-based post-disaster reconstruction, the author
surveyed the subject matter experts who have been involved in relevant projects with a diverse
background. To this end, the following steps were carried out.
2.3.2.1
•

Step1: Data Collection
Survey development
The author developed an online survey using Google Forms, which is a web-based

platform for distributing questionnaires and conducting an online survey. The survey contained
three main sections with different question types and objectives (Appendix A). The question in
Section 1 aimed to collect general information mainly associated with: (1) the respondents’
stakeholder group to which they belong; (2) the companies they work for (e.g., name, size, etc.);
(3) career level and their position; (4) their experience in the industry; and (5) their involvement
in MC-based projects in last five years. Section 2 included the questions about the feasibility of
utilizing modular construction for the reconstruction of the individual building as well as mass
reconstruction. In Section 3, the invited experts were asked to identify the benefits and the barriers
of modular construction implementation for the post-disaster recovery process. To provide a
consistent understanding among the respondents and minimize respondents’ subjectivity a unified
4-point Likert scale was deployed in Sections 2 and 3. The 4-point Likert scale is basically a
forced Likert scale which means the respondents are forced to form an opinion. The 4-point scale
is most suitable for surveys that the opinions of the experts or specific participants are essential
11

[38]. Therefore, the respondents were asked to express their opinion by choosing options from one
(1) to four (4), one being strongly disagreed or no importance and four being strongly agreed or
high importance.
•

Survey distribution
The author shared the survey with 24 targeted experts and professionals representing major

stakeholders in the MC industry, namely owners/developers, engineers, contractors, and
subcontractors. The participants had an average of 20+ years of experience in the construction
industry and almost all of them have been involved at least in one post-disaster reconstruction
project in the last five years. The author is firmly confident that the 24 survey participants are
highly qualified as subject matter experts on prefabricated/modular construction and/or postdisaster reconstruction.
2.3.2.2

Step 2: Reliability Test (Cronbach’s Alpha test)
The internal consistency and reliability of collected data were assessed by applying the

Cronbach’s alpha test [39]. According to the deployed Likert scale, the author calculated the
coefficient of Cronbach’s alpha for collected data. The coefficient of Cronbach’s alpha is broadly
discussed in the literature as a measure to interpret the reliability of responses collected by using
multipoint scales [40]. A survey with Cronbach’s alpha value above 0.75 can be characterized as
a reliable and valid survey that provides meaningful results [41, 42].
2.3.2.3

Step 3: Quantifying the Responses
Quantified data provide a better understanding of the responses in terms of the level of

agreement with the feasibility of MC-based post-disaster recovery and the benefits and barriers of
its implication. To this end, the author used the Likert scale to calculate a score for each question
in Sections 2 and 3 by assigning each response a point value, from 1 to 4, and averaging the scores
based on the number of responses (mean value). The calculated score for each question shows the
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level of agreement and the level of importance for questions in Sections 2 and 3, respectively. The
criteria for interpretation of the level of agreement/importance are shown in Table 2.1 which is
obtained by dividing the distance between lower bound (1) and the upper bound of scores (4) into
4 categories which yield a range of 0.75 (4 − 1⁄3 = 0.75) for each category. The calculated
average score for each benefit and barrier, which indicates its level of importance, was also used
to rank them. In addition to the mean value, the standard deviation (std), mode, and median values
were also calculated for better interpretation of the results.
Table 2.1

2.3.2.4

Criteria for average score interpretation

Score range

Interpretation

1.00 - 1.75

Strongly disagree/ No importance

1.76 - 2.50

Disagree/ Low importance

2.51 - 3.25

Agree/ Medium importance

3.26 - 4.00

Strongly agree/ High importance

Step 4: Concordance Analysis (Kendall’s analysis)
Kendall’s concordance analysis introduced by Siegel et al. [43] investigates the agreement

among different respondents. The author conducted Kendall’s concordance analysis to evaluate
the concordance and similarity among respondents’ perceptions regarding the ratings of the
benefits and barriers of the implication of MC in post-disaster reconstruction. In this analysis, the
null hypothesis is that there is no agreement and the respondents’ ratings are unrelated to each
other (i.e. random rating). The non-parametric Kendall’s coefficient of concordance (𝑊) is used
for this test. So, the null hypothesis can be rejected if 𝑊 is statistically significant at a specific
significance level [44]. According to Tariq et al. [45] in cases with more than seven attributes, chisquared values give a better approximation than the asymptotic Kendall’s coefficient 𝑊. In this
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study, the numbers of attributes were 16 and 20 for benefits and barriers, respectively, so the author
compared the chi-squared values with the critical value according to the 5% significance level in
order to assess the null and alternative hypotheses.
2.3.2.5

Step 5: Hypothesis Testing and Analysis of the Results
After ensuring the validity and reliability of the survey, and concordance of the responses,

the author used the quantified scores and ranks to analyze the result and validate the findings from
the literation review. The author hypothesized that the implication of MC for post-disaster
reconstruction is feasible. To test this hypothesis, the author first applied the Shapiro-Wilk test
[46] to examine the normality of the collected data. In the cases that the responses were normally
distributed, a one-sample t-test (α=0.05) was applied to investigate that the mean score for level
of agreement is significantly more than 2.50 (central tendency) which means it falls into the
category of “Agree” or “Strongly agree”. Otherwise (not normally distributed), a one-tailed onesample Wilcoxon signed-rank test was conducted to test the hypothesis. The one-sample Wilcoxon
signed-rank test is a non-parametric alternative to a one-sample t-test when the distribution of the
data is not normal. Similar to the one-sample t-test, this test can be appied to define whether the
median of the sample is equal to a theoretical or specific value [47]. A 5% significance level was
considered for all the aforementioned tests. Figure 2.2 illustrates the testing procedure. The null
and alternative hypothesis are shown below:
𝐻0 : 𝜇𝑠𝑐𝑜𝑟𝑒 𝑜𝑓 𝑎𝑔𝑟𝑒𝑒𝑚𝑛𝑡 = 2.5
𝐻𝑎 : 𝜇𝑠𝑐𝑜𝑟𝑒 𝑜𝑓 𝑎𝑔𝑟𝑒𝑒𝑚𝑛𝑡 > 2.5
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Figure 2.2
2.4

The procedure adopted for hypothesis testing.

Results
2.4.1

2.4.1.1

Targeted Literature Review
Literature Review of Post-disaster Recovery and Previous Reconstruction Process

The PDHR process, which contains similar challenges to the ones in general housing
projects, encompasses several other issues due to their distinct requirements and emergent
situations [2]. Several studies examined the post-disaster recovery processes for the recent
disasters [1, 5, 48-52], reviewing and analysis of these studies is helpful and worthwhile to give
an understanding of the critical issues that were encountered commonly and what innovative
solutions can address them. Table 2.2 presents a summary of several studies focused on the
recovery process of previous disastrous events. The table contains information about location,
magnitude, and damage caused by disasters as well as information about housing reconstruction
after each disaster.
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Table 2.2
Disaster

Kocaeli
Earthquack
(1999)

Source

Tas et al. [5]

Background details of reviewed previous disastrous events
Countries
Magnitude
affected

Turkey

Damage caused

- 1- 20,000 houses damaged
beyond repair
- 50,000 houses heavily
Magnitude 7.4 damaged.
300,000 people displaced

Magnitude 9.5
Indian Ocean
Indonesia,
- 89,000 houses heavily
Weerakoon et al.
earthquake
Tsunami
Sri Lanka,
damaged
followed
by
a
[48], Koria [49]
(2004)
and India
- 800,000 people displaced
Tsunami

Completion of
Number of
Value of
the
Houses
housing
reconstruction
reconstructed reconstruction
process

43,093

$5 billion
(estimated)

Over 6 years

60,000

$700 million

3-5 years

463,000

$1.5 billion
(estimated)

Approximately
5 years

Kashmir
Earthquake in
Pakistan (2005)

Arshad and
Athar [50]

Hurricane
Katrina (2005)

Green et al. [51],
US CENSUS
[1]

United
States

Category 5
Hurricane

- Over 214,700 houses heavily
damaged
- More than 800,000 people
displaced

-

-

Estimated 8-11
years

Japan Tsunami
(2011)

Structural
Engineers
Association,
Washington [52]

Japan

Magnitude 9.0
earthquake
followed by a
Tsunami

- Over 100,000 houses heavily
damaged
- More than 300,000 people
displaced

-

-

Continuing 2.5
years after the
disaster

Pakistan Magnitude 7.6 - 3.5 million people displaced

According to the previous disasters (presented in Table 2.2) and the related literature, the
challenges of PDH reconstruction were identified and categorized into the seven different aspects:
(1) Time, (2) Funding, (3) Location (4) Resource and material, (5) Workforce, (6) Planning,
Communication, and Coordination, and (7) Resiliency and Sustainability. Table 2.3 summarizes
the identified problems caused during the post-disaster reconstruction process of previous postdisaster recovery processes.
•

Time-related challenges:
Disaster recovery projects should be completed as quickly as possible to minimize impacts

on affected victims. The completion of such projects may take several years, which is a
considerably long time for the restoration of affected people. Tas et al. [5] stated that ‘time’ is the
most critical factor that determines the post-disaster permanent housing strategy. In addition to the
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reduction in recovery time, time is crucial to reduce construction costs supported by the federal
government or personal resources. Weerakoon et al. [48] studied the post-disaster recovery process
of the Indian Ocean Tsunami in Sri Lanka. They found that wages of labor and price of the material
considerably increased (about 15-25 percent) over the recovery time due to inflation (see Figure
2.3 (a) and 2.3 (b)).

Figure 2.3

Location

Quality, Resiliency, and
Sustainability

Funding

Planning, Communication, and
Coordination

Time

Disaster

Workforce

Identified reconstruction challenges.

Resource and material

Table 2.3

Kocaeli Earthquake (1999)

X

X

X

X

Indian Ocean Tsunami (2004)

X

X

X

X

X

Kashmir Earthquake in Pakistan (2005)

X

X

X

X

X

X

X

Hurricane Katrina (2005)

X

X

X

X

Japan Tsunami (2011)

X

X

X

X

X

(a). Changes in material price, and (b). Changes in wages for labor during the
recovery process (source: [48])
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•

Funding-related challenges:
One of the most common problems of the post-disaster recovery process is funding for

reconstruction, which can be worsened by deploying inappropriate strategies. Sometimes,
spending excessive funds in the relief process, such as building shelters, may cause inadequacy of
funds for housing reconstruction projects [53]. The availability of adequate funds is necessary for
starting a housing reconstruction process. This fund is mostly from insurance or aids from donors
and governments. The challenge of funding is more significant when the insurance coverage is not
available so that starting the reconstruction process highly depends on aids from outside [54]. Due
to a large number of damaged facilities and limited funds, communities affected by a disaster
always have difficulties initiating their recovery process promptly and adequately. The other
challenge regarding funding resides in allocating, given funding efficiently and steadily to fulfill
the projects’ needs, which require wise and systematic portfolio management.
•

Location-related challenges:
One of the common challenges found at the beginning of the reconstruction, especially

after geological disasters such as earthquakes, is finding a location for relocating the affected
communities. The substantial damage caused by these disasters makes houses unlivable, and the
government agencies must find new locations for temporary or permanent housing. This is a
challenging task because the relocated communities should be at a convenient distance to jobs and
services [55]. Besides, many services (e.g., power, water, transportation, communication, etc.) and
facilities (e.g., schools, healthcare, shops, etc.) should be provided for the relocated population to
be able to follow their normal pre-disaster livelihood.
•

Resources and Materials challenges:

18

The other common bottleneck of housing reconstruction projects is the shortage of required
resources and construction materials. Housing and infrastructure recovery projects are supposed
to be simultaneously started by the public and private sections require an enormous amount of
construction resources and materials. Since a natural disaster event sweeps out local production
facilities and supply systems and causes disruption of transportation systems, it frequently brings
serious problems in procuring construction resources in a timely manner during the recovery
process [56]. Several studies revealed that the shortage of materials leads to adversely affects the
projects’ objectives such as delayed delivery time or suspension of the project, cost overrun, and
quality defects, cost overrun, and delivery delay [57, 58]. Also, Tabmbe et al. [11] stated that
during post-earthquake housing reconstruction in the Sikkim Himalaya, many houses'
reconstruction processes were suspended because the supply of stock material was not able to
fulfill the rising demand.
•

Workforce-related challenges:
Several case studies revealed that the inadequacy of available skilled workforce during

construction projects is one of the decisive issues that negatively influence the reconstruction
projects. The findings of Koria’s study [49] on the reconstruction projects in Sri Lanka indicated
that the lack of experience or training of field staff relevant to handle a complex project was a key
issue in delaying the recovery process. Arshad and Athar [50] also stated that locals assisting the
recovery projects have had a lack of knowledge and/or skills in Pakistan after the 2005 Earthquake
which lead to the poor quality of the constructed facility.
•

Planning, Communication, and Coordination:
Ineffective coordination and communication among stakeholders and involved agencies in

the reconstruction process are the other common challenges in previous post-disaster recovery

19

processes. The involvement of federal and local governments, various funding agencies, donors,
and other stakeholders requires a comprehensive approach for systematic coordination and
extensive knowledge of planning. In a research study conducted by Roosli et al. [59], the lack of
expertise and knowledge in the involved authorities was identified as a major barrier in the PDHR
process.
•

Quality, Resiliency, and Sustainability:
The post-disaster period has been recognized as an opportunity to improve quality,

resiliency, and sustainability and reduce vulnerability to future disasters [60]. However, some
research studies [61, 62] showed that many buildings reconstructed for prompt emergency
responses had inadequate design and were more vulnerable which could raise further safety issues
for users. This can be the result of heavy pressure for delivery, shortage of time for adequate
design, restricted access to adequate material, etc. [2].
2.4.1.2

Literature Review of Modular Construction and its Characteristics
The inherent characteristics of modular construction make it a promising method for post-

disaster reconstruction, which can overcome the identified challenges of post-disaster
reconstruction. The following section includes the discussion of how the modular construction
approach can tackle the mentioned challenges of the post-disaster recovery process.
•

Time-efficiency:
One of the most important characteristics of modular construction, which makes it a fitting

approach for PDHR, is the time-efficiency. According to Lawson et al. [33], it can decrease project
completion time by about 50% in comparison with traditional onsite construction. The flexibility
of the modular construction method offers great potential for saving time. All components of a
building can be configured as a module together or separately. Shapes and sizes of the modules
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can vary to comply with the limitations of transportation and technical aspects of construction,
such as truck dimensions and height or weight restrictions.
Furthermore, the simultaneous process of mass production and onsite installing of modules
will shorten the construction time. Reduction in construction time means that the end-user can use
modular houses much quicker than conventional houses. This time saving will benefit the recovery
process by not only minimizing the restoration time for affected communities but also avoiding
labor and material cost fluctuations.
•

Long-term cost benefits:
Although it seems that modular construction requires additional initial cost and investment,

the long-term benefits of this approach are greater in comparison with traditional stick-built
construction. Rogan et al. [63] by conducting a cost-benefit evaluation of a multi-story residential
house constructed by modular method against a similar building with conventional construction
(stick-built), identified the initial investments were almost 2 percent higher for MC, while it
received greater benefits during the project life-cycle. They estimated a 43 percent higher Internal
Rate of Return (IRR) and 39 percent greater turnover for the MC that evidently showed it is more
beneficial for both the builders and clients. Modular construction also has the potential to reduce
the material delivery cost, accommodation cost of labors, and onsite usage of equipment such as
cranes [64].
•

Resource integration:
Modular construction as technology may not be a complete solution to solve the shortage

of resources after a disastrous event. However, it has the potential to reduce the burden of resources
significantly. Yan et al. [65] categorized the influential factors in resource availability during the
post-disaster reconstruction process. Their categorization includes project-related factors,
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logistics-related factors, market-related factors, organization-related factors, and environmentrelated factors. The impact of logistics-related factors can be considerably reduced by minimizing
the number of participants. The study of the reconstruction process after the Kashmir earthquake
by Arshad and Athar [50] also confirmed that the fewer parties involved in the reconstruction
process increase the chance of success. In modular construction, most of the operation is executed
by one manufacturing plant. In contrast, in conventional stick-built construction, different
resources are ordered and used by various contractors and sub-contractors at different times. Also,
prototyped and pre-engineered, and pre-designed products utilized in modular construction can
significantly reduce the lead-in time from ordering to delivery of the resources and materials [63].
Considering a large number of houses often required to be constructed following a disaster,
manufacturers and suppliers must be capable of delivering a considerable number of modules
promptly. However, MC would still perform better than traditional stick-built construction in this
situation [63].
•

Reduced demand for labor and resources onsite:
In MC, minimal on-site work is needed to complete building construction. As modular

construction exports site-based works to off-site, the building project can benefit in two ways.
First, onsite labor demand is reduced, which also leads to reduced onsite accommodation costs
[64, 66]. Second, the demand for resources on a job site can also be minimized, which helps a
fabricator to hire skilled labor in a fabrication shop and a contractor to hire skilled labor on a job
site more selectively with lower costs [67].
•

Pre-planned process:
A large proportion of the construction process in the modular method is performed in a

pre-planned process in a manufacturing environment. Furthermore, since most of the required
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components, namely the façades, interiors, roofs, etc. are all prefabricated into the modules, the
planning process is much simpler. Modular construction potentially has the ability to provide a
more “workable platform” for various disciplines involved in PDHR, such as governmental and
non-governmental agencies, manufacturers, suppliers, contractors, and even humanitarian
agencies, to collaborate for better results; however, this is the desired, not the current practice in
the MC industry. Also, the MC has the potential to easily incorporate emerging integration
techniques, such as Building Information Modelling (BIM), to support the design and planning
process of MC.
•

High-quality controlled environment:
Modular construction helps to improve quality control [68]. The manufacturing

environment potentially offers a highly controlled environment. So, in comparison with onsite
construction, the quality control processes in a mass production facility can be more reliable,
especially in a post-disaster situation where a heavy pressure often exist for delivery of
reconstruction projects. This provides the opportunity for ensuring the quality, sustainability, and
resiliency of the final products.
The reviewed literature indicated that modular construction with its inherent characteristics
is a promising strategy for rapid PDH reconstruction. The in-detail analysis of previous case
studies also revealed that modular construction brings the potential to improve the post-disaster
recovery process and address most of its challenges. Table 4 briefly describes the finding of the
literature review. In this table, the author defined the direct and indirect effects of all identified
characteristics of modular construction on different challenges during PDH reconstruction. The
direct effect (presented by “D”) denotes direct improvement, for example, the time-efficiency of
modular construction can directly address the time issue during the recovery process. However,
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some characteristics of modular construction can indirectly affect the issues during the
reconstruction

process.

For

instance,

a

high-quality

controlled

environment

of

prefabricated/modular construction can indirectly tackle the challenge of scarcity of material and
resources after disasters by minimizing the wastes and rework. The indirect effects are presented
by “I” in Table 2.4. The last row of the table contains a 3-level scale value (Low-Medium-High)
for each identified challenge that denotes the extent to which MC is capable of addressing that
challenge. These values are hypothesized by the author’s judgment according to reviewed
literature. Some of these hypothetical values were further used to test the consistency of findings
from literature review and experts’ opinions.

Planning,
Communication,
and
Quality,
Coordination
Resiliency, and
Sustainability

Location

Time-efficiency

D

I

-

-

-

-

-

Long-term benefits

-

D

-

-

-

-

-

Flexibility

I

-

I

-

-

I

I

Resource integration

I

-

-

D

D

I

-

Reduced demand for labor and resources onsite

-

-

-

D

D

I

-

Pre-planned process

D

I

-

-

I

D

I

High-quality controlled environment

-

-

-

I

-

-

D

The ability of MC to solve the issue

High

Medium

Low

High

High

High

Medium

Time

Funding

Benefits

Workforce

A brief description of the literature review
Resource and
material

Table 2.4

D: Direct effect

2.4.2
2.4.2.1
•

I: Indirect effect

Survey of Subject Matter Experts
Data Collection

Sufficiency of the Responses:
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The sufficiency of the collected responses is a critical factor to determine whether the
survey considers a representative sample which ensures the validity of results and analyses. One
way for examining the sufficiency of the collected data is using the empirical examination of
previous research works. The construction industry was identified to have a lack of participation
in surveys and questionnaires [69]. However, various scholars empirically suggested different
minimum sample sizes to have reliable survey-based research. Fowler et al. [70] suggested 15–35
respondents, Sudman et al. [71] suggested 30–50 respondents, and Converse et al. [72]
recommended 25–75 respondents to ensure the reliability of collected data. According to Fowler
et al. [70], the number of 24 respondents obtained in this research was sufficient to use in a surveybased research study related to construction. However, the statistical approach for computing the
minimum number of the required responses established by Cochran [73] suggests a larger number
of responses for this research according to the adopted scale and 95% confidence interval, which
can be considered as one of the limitations of this study. Yet, the author is firmly confident that
the 24 survey participants are highly qualified as subject matter experts in the field of this research.

•

Respondents Profile:
A total of 24 survey responses from major practitioners in MC including

owners/developers, engineers, contractors, and subcontractors. Figure 2.4 illustrates the
distribution of the respondents by the categories they belong to.
The survey shows that the participants have an average of 20+ years of experience in the
AEC/FM industry. 95.83 percent of participants (23 out of 24) have been involved in at least one
modular construction in the last five years. Also, 41.67 percent of them (10 out of 24) have been
involved in a post-disaster reconstruction project using modular construction. Table 2.5 provides
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detailed background information of survey participants such as position, work experience, and
expertise.
Table 2.5
Company’s
Primary Service

Background information of survey participants

Position in Company

Industry
Experience
(Year)

Participation
in MC
Projects

10

Yes

Participation in
Post-Disaster
Reconstruction
Projects
Yes

1

Subcontractor

President

2

Contractor/CM

Branch Operations Leader

5

Yes

No

3

Subcontractor

General Manager

30

Yes

Yes

4

Contractor/CM

Assistant Project Manager

5

Yes

No

5

Contractor/CM

Senior Project Manager

36

Yes

No

6

Contractor/CM

Project Estimator

7

Yes

No

7

Contractor/CM

President

40

Yes

No

8

Contractor/CM

Project Controls Manager

10

Yes

No

9

Contractor/CM

Project Manager

24

Yes

No

10

Contractor/CM

Project Controls Estimator

17

Yes

Yes

11

Contractor/CM

33

Yes

No

12

Contractor/CM

Vice President Construction
Division
Vice President

25

Yes

Yes

13

Contractor/CM

Project Manager

13

Yes

No

14

Engineering

CEO

30

Yes

No

15

Contractor/CM

Vice President

40

Yes

Yes

16

Contractor/CM

Assistant Project Manager

3

No

Yes

17

Subcontractor

48

Yes

Yes

18

Owner/Developer

Manager of Business
Development
Construction Engineering

3

Yes

No

19

Engineering

Project Manager

13

Yes

Yes

20

Engineering

Architectural Designer

8

Yes

No

21

Subcontractor

Project Manager

21

Yes

Yes

22

Engineering

Structural designer

17

Yes

No

23

Owner/Developer

Vice President

22

Yes

Yes

24

Owner/Developer

Project manager

15

Yes

No
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Engineers
17%

Owners/developers
12%

Contractors
50%

Subcontractors
21%

Figure 2.4
2.4.2.2

Distribution of the respondents by the categories of stakeholders

The Reliability Test (Cronbach’s Alpha test)
The author calculated Cronbach’s α (alpha) [39] for testing the reliability and validity of

the survey data. The obtained Cronbach’s alpha was equal to 0.775. As discussed before, a
Cronbach’s alpha value of 0.75 and above implies the reliability and validity of the survey, so the
conducted survey in this research was considered valid and reliable.
2.4.2.3

Quantifying the Responses
In the next step, the author calculated a score for each question in Sections 2 and 3 by

assigning each response a point value, from 1 to 4, and averaging the scores based on the number
of responses (mean value). The survey contained four questions regarding the feasibility of the
adoption of MC in the post-disaster mass reconstruction of buildings and its ability to improve the
time and cost of this process. The scores for these questions are summarized in Table 2.6.
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Table 2.6

Results for feasibility-related questions (Section 2)

No.

Question

Average score

Mode

Standard
Deviation

1

Feasibility of MC for reconstruction of individual houses

3.16

3

0.74

3.00

3

0.69

3.27

4

0.68

2.88

3

0.64

2
3
4

Feasibility of MC for mass reconstruction of buildings
designed differently
Capable of reducing the required time for the PDHR
process
Capable of reducing the required time for the PDHR
process

The experts also evaluated the benefits of modular construction and their influence on
making this approach suitable for post-disaster reconstruction. The quantified results have been
shown in Table 2.7. The average score for each benefit shows its significance, and the standard
deviation indicates the level of agreement among participants.
Table 2.7

Benefits of modular construction and their importance in its suitability for PDHR
(Ranked by score)
Mode

Standard
Deviation
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Median

Easier access to required labor and material
Improved Schedule
Potential for quick response
Sufficient Labor Supply
Better Predictability/Reliability
Increased Productivity
Increased Safety
Less required space for job site in damaged area
Better Quality
Lower Cost
Reduced Weather Impacts
Reduced Waste
Reduced Site-based Permits
Sustainability
Better Site Operations
Less Site Disruption
a
. Multiple modes exist. The smallest value is shown

Minimum

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Maximum

Benefits (Ranked by Score)

Average
Score

#

3.38
3.17
3.00
2.92
2.79
2.54
2.42
2.29
2.25
2.21
2.17
2.13
1.83
1.67
1.63
1.54

4
4
4
4
4
4
4
4
4
4
3
3
3
3
3
3

2
2
2
2
2
1
1
1
1
1
1
1
1
1
1
1

3
3
3
3
3
2.50
2
2
2
2
2
2
2
2
2
1.50

3a
3
3
3
3
2
2
2
2
2
2
2
2
2
2
1

0.647
0.637
0.590
0.654
0.721
0.721
0.830
0.806
0.897
0.779
0.565
0.741
0.637
0.637
0.576
0.588

As a part of the survey, the participants evaluated the impacts of various barriers that
impede the implication of modular construction for post-disaster reconstruction. Table 2.8 presents
the quantified results for this section of the survey. The average score for each barrier shows its
significance, and the standard deviation indicates the level of agreement among participants.
Table 2.8

3.13
2.92
2.83
2.79
2.75
2.71
2.67
2.67
2.63
2.54
2.50
2.50
2.42
2.42
2.38
2.38
2.33
2.21
2.13
2.04

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

Standard
Deviation

Design+ Construction Culture
Unpredictable conditions and lack of ability for planning
Regulations + Codes + Approval from Authorities
Distance from Factory to Site
Owner Tendency
Coordination
Program of the Building Transportation / Logistics
Supply Chain + Procurement
Cost vs. Value
Initial Investment
A/Es Tendency
Contractor Capability/Leadership/Experience
Industry Knowledge
Design Freeze
Concern for Quality
Labor Union
Urban Site (Site access and on-site storage area)
Fabricator Capability/Leadership/Experience
Manufacturing Technology
Site Operations
a
. Multiple modes exist. The smallest value is shown

Mode

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Median

Barriers (Ranked by Score)

Minimum

#

Maximum
score
Average
Score

2.4.2.4

Barriers that impede employing modular construction for PDHR (Ranked by score)

2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

3
3
3
3
3
2
3
3
3
3
2
2
2
2
2
2
2
2
2
2

3
3
3
3
3
2
3
2
2a
3
2
2
2
2
2a
2
2
2
2
2

0.741
0.830
0.917
0.833
0.944
0.859
0.963
0.917
1.056
1.062
0.933
0.780
0.776
0.881
0.875
0.924
1.049
0.588
0.741
0.751

Kendall’s Concordance Analysis
Table 2.9 illustrates the results of Kendall’s Concordance tests conducted for investigating

the agreement among respondents in terms of their perceptions regarding the ratings of the benefits
and barriers of the implication of MC in post-disaster reconstruction.
2.4.2.5

Hypothesis Testing and Analysis of the Results
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According to the literature review, the author hypothesized that the implication of MC for
post-disaster reconstruction is feasible, and it is able to reduce the required time and cost of this
process. The author followed the approach depicted in Figure 2.2 to determine whether the data
collected from the conducted survey of subject matter experts support these hypotheses. The
alternative hypothesis is that the respondents “Agree” or “Strongly agree” (Average score of more
than 2.5) that it is feasible and suitable in terms of time and cost reduction. The hypotheses
regarding the questions in Table 2.6 and the testing results are summarized in Table 2.9 and 2.10,
respectively. It should be noted that for the t-test and Wilcoxon signed-rank (WSR) test statistical
tests, a one-tailed test with a confidence level of 95% is considered.
Table 2.9

Hypotheses to test feasibility and suitability of implication of MC in PDHR
Question

Null hypothesis (H0)
µ𝑄1
µ𝑄2
µ𝑄3
µ𝑄4

Q1
Q2
Q3
Q4

Table 2.10

Alternative hypothesis (Ha)

≤ 2.5
≤ 2.5
≤ 2.5
≤ 2.5

µ𝑄1
µ𝑄2
µ𝑄3
µ𝑄4

> 2.5
> 2.5
> 2.5
> 2.5

Hypotheses to test feasibility and suitability of implication of MC in PDHR

3
3
3
3

3.21
2.96
3.33
2.79

0.752
0.814
0.727
0.668

24
24
24
24

0.000
0.001
0.000
0.000

H0

Mode
3.00
3.00
3.00
3.00

Sig.

Sig.

Median
3
3
3
3

df

Standardized
test statistic

Minimum Score
4
4
4
4

Statistic

Conducted test

Maximum score
2
2
2
1

Average Score

Average Score
3.21
2.96
3.21
2.79

Standard
Deviation

Question
Q1
Q2
Q3
Q4

Shapiro–Wilk test

WSR
WSR
WSR
WSR

3.951
2.518
4.206
2.541

0.000
0.012
0.000
0.011

Rejected
Rejected
Rejected
Rejected

The results in Table 2.10 provide evidence to reject all the null hypotheses. The test
results suggest that the median score for all the questions is more than 2.5 which shows that they
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fall in the “Agree” or “Strongly agree” category. Hence, the author concluded that the respondents
support the following hypotheses:
•

The implication of MC for the rapid post-disaster reconstruction of individual buildings is
feasible.

•

The implication of MC for the post-disaster mass reconstruction of building with different
designs is feasible.

•

MC approach is able to reduce time in the post-disaster reconstruction of a large number
of damaged or destroyed buildings.

•

MC approach is able to reduce cost in the post-disaster reconstruction of a large number of
damaged or destroyed buildings.

2.5

Discussion
The reviewed literature provided several pieces of evidence that the implementation of

modular construction can efficiently address the challenges during the PDHR process. Empirical
analysis of the survey’s results also supports the identified potentials indicated in the literature
review about the suitability of the modular approach for post-disaster recovery by achieving the
average score of 3.21 (out of 4) for individual houses and 2.96 (out of 4.00) for mass construction
with different designs. This question was also added to another survey about modular construction
which was designed and distributed by the author’s collaborators (Choi et al. 2019) and the results
were also consistent with the ones of this study because over 90 percent of survey participants (40
out of 44) responded that modular construction/prefabrication can be used for mass post-disaster
reconstruction of facilities (average point of 3.23 out of 4). Therefore, according to the first
research question, the results confirmed that MC is a feasible and suitable methodology for
addressing many challenges during the demanding PDHR process.
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Most of the respondents believed that modular construction is able to reduce the time of
post-disaster reconstruction projects, and it received a point of 3.21, while cost reduction has a
lower point (2.79) and consequently lower support among the experts. However, the author
expected a significant impact of using modular construction in time reduction for post-disaster
recovery projects. It indicates that although modular construction can offer the most time-efficient
strategy for reconstruction, a construction method is not the only factor that determines the
completion time of the projects because of a complex and demanding situation after a disaster. The
chaotic environment, social and political considerations, and funding limitations are the other
decisive factors that can affect the completion time of post-disaster recovery projects.
The respondents believed that the process of modular construction is “quicker,” and this
means “quicker relief.” They stated that prefabricators can work in non-affected areas
simultaneously with clean-up in affected areas so that they can deliver their products as soon as
possible. However, there were a couple of important negative comments in the survey. One
believed that MC can be only a short-term solution due to the negative public opinion of MC.
Another participant asserted that the amount of preconstruction planning and coordination can
impede the quick response to disaster even with modular construction. This opinion refers to one
of the main drawbacks of the MC method which is a long “lead-in time” mentioned by other
scholars [74, 75].
The top-ranked benefits of implementation of MC in the PDHR process were identified as
follows:
•

Easier access to required labor and material

•

Improved Schedule

•

The potential for a quick response
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•

Sufficient Labor Supply

•

Better Predictability/Reliability

•

Increased Productivity
These benefits mostly correspond to the “time-efficiency” as well as the “reduced demand

of skill and labor onsite” and pre-planned process” features of the MC, which reinforce the finding
of the literature review. Moreover, it should be noted that in contrast with the literature that
indicated modular construction can improve the quality of construction in housing reconstruction
projects due to its potential for implementing quality control procedures, the respondent did not
identify the high-quality controlled environment of modular construction as an effective factor for
improving quality, resiliency, and sustainability of post-disaster reconstruction projects. This
conflict might be because of overlooking the quality during the post-disaster reconstruction. The
importance of time, pressure from stakeholders for project completion, and high demands are the
factors that lead to scarifying the quality to obtain the other objectives of the project. Tabmbe et
al. [11] briefly indicated that the low quality of prefabricated houses is one of the shortcomings of
this strategy for post-disaster permanent housing reconstruction.
Regarding the quality concerns, it is a trade-off between the long-term and short-term
satisfaction of the end-users. Although the affected people may be satisfied with the rapid
resettlement at first, they may change their opinion in the long term due to the quality of the
finished product. To avoid such situations, agencies such as FEMA [3], APEC [76], and UNDRO
[77] have developed standards for PDHR. However, high demands after a disaster can lead to
several deficiencies in module production and undesired defects in the final products. Thus,
reliable quality control procedures for PDHR are needed to fulfill the critical requirements.
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The results showed that “design practices and construction culture”, “unpredictable
conditions and lack of ability for planning”, “Regulations + Codes + Approval from Authorities”,
“Owner Tendency”, and “Coordination” were identified as the most significant barriers.
Lack of regulations standards, codes, and technical guidelines has been also mentioned by
other scholars [78, 79] as one of the issues in the extensive adoption of MC. However, Wuni et
al. [19] stated that the developed countries have made substantial advancements in the
development of technical guidelines and regulatory documents to solve this issue.
The importance of the barrier “Coordination” for the adoption of MC is evident in the
related literature [80-82]. The inadequacy of stakeholders and resource coordination can be
exacerbated in the complex post-disaster situation [83] due to a large number of stakeholders and
projects and gigantic demand for pre-planning and coordination. However, the MC method has the
potential to alleviate this problem by providing a more workable platform for various involved
institutions from different disciplines to work together and make better results [4].
The “Design practice and construction culture” barrier in using modular methods is not
limited to its implication in post-disaster reconstruction projects. Gan et al. [84] found that
“protectionism” and “conservatism” inherent within the AEC industry culture play a pivotal role
in limiting technological innovations such as modular construction. Wuni et al. [19] also identified
“Clients resistance, conservatism and skepticism” and “Concerns that architectural creativity will
suffer due” as the most important attitudinal barriers to adoption of MC.
Design practice in MC is not only an attitudinal barrier but also a technical barrier, which
can impact the tendency of stakeholders and the efficiency of its implication in PDHR. Wuni et al.
[19] identified inflexible design and immature MC technological systems as two technical barriers
that can cause further barriers in process management, such as longer lead-in time during the
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design stage and increased engineering complexity. Abdul Nabi and El-adaway [85] also identified
the unsuitability of design for modularization as one of the high-ranked risk factors on the
performance of NC projects. Blismas and Wakefield [74] stated that the developers and clients
should be advised in the early stages about the suitability of their project designs for
modularization and MC. Adopting modular design principles [17] and developing innovative
approaches to improve the design [19] can lead to the successful implementation of MC for either
a single project or mass housing reconstruction after a disaster, which was considered as the main
motivation for the research in chapter 3.
2.6

Conclusion
Rapid and structured post-disaster recovery has been a critical concern in our society. To

explore possible solutions for this crucial issue, the author investigated the modular construction
approach through the targeted literature review and surveying the experts. This chapter aims to
contribute to the body of knowledge that envisions the capabilities of modular construction
technology to support the post-disaster reconstruction of houses continuously. Second, and more
importantly, this study investigates the stakeholders’ perspectives (including distributors,
contractors, and designers) about the benefits and the given barriers of the implication of modular
construction-based post-disaster housing construction. In this study, the author surveyed
practitioners who were actively involved in modular construction projects, post-disaster
reconstruction projects, or both, which allowed the author to validate the findings from literature
and valuable studies conducted by other scholars.
In this study, it is observed that time is a critical factor in the reconstruction of permanent
housing for disaster victims, and it should be minimized for the restoration of affected
communities. Besides, publications and relevant experts in industries clearly indicated that MC
has a considerable capacity to reduce the time gap drastically. The shorter construction duration,
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which is a pivotal feature of MC, makes this method of construction an excellent solution for
delivering more rapid permanent dwellings. However, other issues such as a huge amount of
preconstruction works, scarcity of materials and resources, funding, accessibilities, and
deficiencies in transportation still can have adverse effects on the efficiency of MC.
Another significant feature of utilizing MC as a PDHR solution is that a large proportion
of the expertise and reconstruction process is directed to one solution provider. This feature makes
stakeholders able to address some common challenges of the post-disaster reconstruction process,
such as lack of skilled workforce, and inefficiencies in planning, communication, and
coordination.
However, several challenges can hinder the implementation of prefabricated/modular
construction as the mainstream approach for post-disaster reconstruction. In a demanding situation
after a disastrous event, numerous stakeholders are involved in the reconstruction process, which
makes the decision-making, coordination, and collaboration complicated and demanding. Also,
due to multiple funding sources and different standards and regulations, it is challenging to
integrate the reconstruction process and implement modular construction as a holistic approach.
This fact leads to the occasional use of modular construction that practically would fail to leverage
all its benefits for rapid post-disaster recovery. Also, decision-makers’ and affected homeowners’
lack of knowledge about the costs, benefits, risks of modular construction, and construction/design
culture among AEC practitioners are the other challenges that hinder extensive use of MC for
PDHR. Developing well-established manuals, guidelines, design codes, and regulations can solve
the mentioned issue, and change owners’ preference to prefabricated/modular housing after
disasters. The author also identified the unsuitability of current design practices in the MC industry
lead to inflexibility of design in MC, the reluctance of developers and homeowners for extensive
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adoption of MC, and longer lead-in time in the design phase which all can diminish the identified
superiority of MC for PDHR process and impede its implication. To this end, improving the design
for MC to facilitate its implication in PDHR was considered as the main goal for the research in
the following chapter.
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CHAPTER 3.
DEVELOPMENT OF A BIM-BASED GENERATIVE
MODULAR HOUSING DESIGN SYSTEM USING DEEP
LEARNING
3.1

Purpose of the Chapter
The main purpose of this chapter is to propose an automated design framework to facilitate

the early design phase of a modular house. Chapter 2 outcomes highlighted the most important
barriers in extensive usage of modular construction in housing construction, especially in the postdisaster environment. Although several barriers were recognized that affect the extensive
implication of MC in PDHR, the author found that the design-related issues such as complicated
and lengthy design process counteract the time-efficiency of modular construction (MC) which is
the main superiority of this method for rapid response to PDHR needs. To this end, this chapter
focuses on establishing a new housing design framework covering design-related issues, causes,
and possible solutions as one of the preliminary steps toward achieving the overarching goal of
this dissertation, which is facilitating the implementation of MC for post-disaster housing
reconstruction (PDHR)
3.2

Introduction
Over the past decades, MC has been adopted in the construction industry to improve the

overall efficiency of construction projects by utilizing manufacturing systems and production
processes borrowed from the manufacturing industry [25, 86]. MC leads to reducing the delivery
time by supporting concurrent processes in the manufacturing facility and on the construction site
[87]. However, despite the numerous identified potential benefits [88, 89] and some success stories
[33, 90, 91], it is not given enough attention by clients and developers in the residential housing
sector [92]. The complicated and lengthy design and pre-planning process is identified as one of
the primary reasons for the reluctance to use MH [75].
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The pre-planning and design stage in MC specifically need a long lead-in time [74] in
comparison with its production and construction stages. For instance, Nahmens [26] reported that
a customized design may take more than two months while it takes about two weeks to build the
house in the manufacturing site. If this challenge is not efficiently and robustly managed, the
choice of modular construction can increase project cost and delay its beginning. According to
several studies [19, 22, 23], the complexity of design and long lead-in time are two critical
disadvantages and barriers for off-site construction that impede its adoption. This severe defect
can counteract the time efficiency of using modular construction as its major benefit.
Designing a residential house that fulﬁlls the given functional requirements, regardless of
its construction method, is a costly and time-consuming iterative process [93]. Modular houses
have additional consideration and complexity during the design process that exacerbates this
problem. Designing a modular building is a complex interrelationship between different and
sometimes conflicting objectives such as the desired spatial design, functionality of the building,
and economical efficiency, manufacturability of the modules, etc. [94]. Cao et al. [25] mentioned
that the existence of a “steep learning curve” among designers and planners at the early stage of a
MC project can cause further troublesome issues in the production and construction stages. The
design and pre-planning challenges that often make decision-makers, architects, and clients
compromise on using the MC method are summarized as follows:
•

Knowledge gap and lack of expertise and experience
Designing a modular house requires special expertise because a designer must know about the
details of production and assembly processes to provide a constructible solution that fulfills a
variety of requirements (end-users requirements, codes, and regulation, etc.) [33]. Designing a
modular house also requires considerable time and cost more than ones of designing a
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conventional house due to a lack of experience in designing modular solutions [95]. Several
studies reported a knowledge gap and lack of experience in the design, production, and delivery
of modular components [78, 79, 96, 97]. There is a potential to tackling this gap by utilizing
computerized decision-support systems [98]. This capability allows considering digital design
tools, such as BIM (Building Information Modelling), Parametric, and Generative Design
techniques, as effective information-management platforms to apply in MC for efficient design
and construction [99, 100]. Although several studies (e.g., [99-102]) were conducted to
investigate the use of advanced digital tools in MC design, there is still a definite need for
research in this area.
•

Requires a high level of design-production integration
Basically, designing a modular building includes not only designs of functional spaces,

structure, and its constitutive components, but also plans for the processes by which a building is
manufactured, transported, and installed [103]. The design phase in modular construction should
maintain the attributes of off-site production and onsite construction [104]. However, the current
design practice in the modular housing industry is mainly based on the methods for conventional
stick-built houses and lacks a proper approach to integrate the considerations of the manufacturing
and assembly stages into the design phase [105]. Besides, a design of a modular house should be
sufficiently accurate to establish a design freeze at early stages. Simultaneous execution of tasks
in MC processes leaves little tolerance for design alterations [103]. Integrating the domain
expertise of manufacture and assembly stages into the design stage has been investigated by other
scholars in recent years. Yuan et al. [105] developed the concept of Design for Manufacture and
Assembly (DFMA)-oriented parametric design by incorporating the DMFA concept from the
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manufacturing industry and combine it with parametric design and BIM as technological
platforms.
•

Inflexibility of design

The current practice in MC brings about inflexibility in the design phase. To reduce the production
cost, the current practice often requires a relatively high degree of standardization. Standardization
can be defined as “the extensive use of components, methods or processes with regularity and
repetition” [106]. Standardized products in the construction industry considerably limit the
flexibility of a design, which has an inherent conflict with the satisfaction of individual client needs
and requirements [92, 107]. To solve this problem, the MC industry employs the strategy of mass
customization from the manufacturing industry [108]. Mass customization has been widely used
in the manufacturing industry, enabling flexibility of a design in a mass production environment
without compromising the inherent advantages of mass production [109]. Applying mass
customization to construction projects can be challenging due to their uniqueness [110]. Winch
[111] stated that residential construction is the only area in the construction industry that mass
customization may be applicable due to the relative homogeneity of products. Nahmnes [26]
reported case studies of companies that adopted different levels of mass customization, however,
concluded that the implementation of mass customization in the MH industry is somehow limited
and not ideal.
The primary goal of this study is to address the abovementioned challenges by developing
a new integrated design framework that can flexibly generate MH designs satisfying given project
requirements. This study aims to establish a BIM-based generative modular housing design
framework by employing deep learning to facilitate the pre-planning and design processes of a
MH, which enables the users to automatically generate and modularize the building floorplan
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design in the early design phase. A generative design system is defined as “a model composed of
a set of computational rules that are applied to automatically generate alternative designs.” [112].
This proposed system has four main components, each of which is designed to overcome part of
the limitations of current practices and facilitate the implementation of modular construction.
These three components are: (1) Data-driven 2D building layout design generator, (2) Module
configuration generator, (3) BIM-based 3D data model creator.
The primary contribution of this research study lies in an integrated framework for
automated modular house design generation that comprehensively addresses the underlying
shortcomings in the current practice. The framework was designed to generate unlimited but
constrained building layouts based on the existing residential building designs, providing
architects and owners with multiple customized designs compatible with their requirements and
helping them avoid the time-consuming iterative process of a house design. The proposed
framework was also built to extract geometrical properties and topological relationships of layout
spaces and building elements and map these data into a coordination-based vector and
consequently a BIM data model. Vernikos et al. [23] stated that utilization of BIM models can lead
to a higher design-production integration and improved planning of lead-in times. The use of BIMbased data models also assists designers to automatically evaluate compliance of a building design
with design requirements and systematically assess the quality of a design. Developing a module
configuration algorithm and using the generated data model, all feasible module configuration
alternatives are generated and evaluated against manufacturing, transportation, and assembly
constraints to ensure the constructability of a design. The module configuration feature addresses
the inflexibility of a design in MC by providing feasible and constructible modularization
solutions. The framework is proposed to fill the identified research gap including the lack of
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designers’ knowledge and experience about the identified limitations of the manufacturing and
assembly processes of modules [113] and the lack of an analytical tool to integrate design
generation and modularization requirements in pre-planning and design phase of MC and flexibly
propose multiple high-level module configuration solutions considering the practical
manufacturing and assembly constraints.
With regard to the scope of the work, this research focuses on the early design phase of
one-story, single-family homes, and volumetric modular construction as the construction method,
however, the framework consists of several modules that can be flexibly applied to a wide variety
of building types and MC methods.
3.3

Research Questions and Objectives
3.3.1

Research Questions

1- How design processes and modularization principles must be integrated into an automated
design system to generate suitable MH designs?
2- How an automated design system using BIM supports the adoption of mass customization
and increasing the level of design-production coordination in the MH industry?
3.3.2

Research Objectives

1. Define and formalize the design process for modular houses considering requirements of
the entire project life-cycle including manufacturing, transportation, and assembly stages.
2. Develop a BIM-based generative modular housing design system using Generative
Adversarial Networks (GANs) and test the performance of the developed system.
3.4

Background and Theory
3.4.1

Mass Customization and Modularization
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The complexity of the design process in MC originates in a paradigm shift from traditional
design to modular design [108]. In general, product design can be categorized into four groups
according to the level of pre-engineering [28]: “engineer-to-order, modify-to-order, configure-toorder, and select-variant-to-order”. The traditional design process in the construction industry is
dominated by an engineer-to-order strategy [114]. Due to the uniqueness of products, the product
architecture at the engineer-to-order level is typically “integral”, which makes it challenging to
implement modularization [115]. The design of a modular building is a complex interrelationship
between several objectives, which can be conflicting to some degree, such as functionality,
distinctiveness, commonality, manufacturability, constructability, etc. [94]. This complexity leads
to consequent issues in MC such as inflexibility of design [92, 107] and low level of designproduction coordination [105]. To solve this problem, the MC industry adopts the strategy of mass
customization from the manufacturing industry [116] and employing Information and
Communication Technology (ICT) tools that support the modular design and mass customization
[108].
The core idea of mass customization is to increase the flexibility of the final product by
allowing customization while maintaining the efficiency of mass production and economies of
scale in its components [108]. According to Nahmens [26], mass customization in the MH industry
context is the ability to design and build houses that have been individually customized and
configured according to customer’s requirements while maintaining production efficiency. One of
the key concepts for the realization of mass customization is product modularization [28, 31],
which is defined by Erixon [117] as the “decomposition of a product into building blocks
(modules) with specified interfaces, driven by company-specific reasons.”
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The concept of product modularization has been successfully adopted by diverse domains
and industries [118] to increase the commonality, reduce the lead times in the design process,
testability, etc. [117]. However, modularization can also limit the flexibility of design by
increasing the level of standardization [115]. Tatum et al. [119] proposed the four levels of
modularization that can be adapted in the construction industry (Figure 3.1), which ranges from
the production of building elements at the lowest level to prefabrication of the total building at the
highest level.

Figure 3.1

Four levels of modularization proposed by Tatum et al. [119]

Several studies have indicated that prefabrication of combined building elements (moving
toward a high level of modularization in Figure 3.1) leads to fewer on-site activities, reduction in
transportation and installation costs, and consequently lower production to the installation cost.
Thus, moving toward the prefabrication of more complex modules would offer added value to the
MC [107, 120]. On the other hand, to maintain the mass production benefits, there is a level of
uniformity and standardization is required in the current practices of MC. So, increasing the degree
of modularization and keep the standardization at a certain level would limit the prefabricated
modules to particular shapes and sizes which leads to the inflexibility of designers to consider all
functional requirements.
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One innovative and emerging technology to support the successful adoption of mass
customization and product modularization is the product configurator, which can be described as
“a piece of software with logic capabilities to create, maintain, and use electronic product models
that allow the definition of all possible product options and variation, with a minimum of data
entries”. Product configurators were first introduced in the manufacturing industry and now are
widely utilized in many fields such as electronics, automobiles, and aerospace [25]. In this
research, a product configurator (module configurator) is defined as a computerized decision
support system that automatically decomposes a house floorplan into building blocks (modules)
driven by design, manufacturing, transportation, and assembly requirements. Product configurator
facilitates the creation of complex systems and provides alternatives to fulfill the project
requirements and end-user's needs [25].
Cao et al. [25] also stated that the application of configurators in construction is still in its
early stages and limited. However, several attempts have been made to improve the
implementation of mass customization and product configuration in the MC industry. Smith [121]
used the experience of MC practitioners to collect a comprehensive set of modular configuration
constraints associating with transportation, craning, assembly, etc. Jensen et al. [122] investigated
using CAD tools for the integration of constraints and rules of MC in the early design phase to
improve the production phase. Khalili and Chua [107] developed an IFC-based approach to
grouping building components. They focused on precast concrete building and utilized a graph
data model to analyze component configuration. They incorporated several factors from the
production and assembly phases into their grouping approach. Khalili-Araghi and Kolarevic [123]
presented a conceptual framework based on parametric design to facilitate dimensional
customization in housing design. Their model focused on customer participation in the early design
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stage and overlooked the requirements of downstream processes. Bianconi et al. [124] investigated
the use of generative models and evolutionary principles to improve the customization process in
the early stage of design of panelized timber structures considering the geometry, energy
consumption, and construction cost. In a recent research study, Cao et al. [25] developed a bottomup product configurator adopting the kit-of-parts concept, which is a pre-designed, pre-engineered
building component, to support the project development across multiple building phases.
Although these studies incorporated several practical constraints and considerations into
their models and made a considerable advance toward a higher level of modularization and mass
customization, their methodologies mostly do not reflect the practical way that architects use in
the current practice. Therefore, a comprehensive and analytical approach should be thoroughly
examined to practically identify and explore all possible configurations of a building design
according to current practices and evaluate them pertaining to the manufacturability,
transportability, and constructability constraints to ensure the feasibility of configurations.
3.4.2

Generative Design

Generative design refers to “any design practice where a designer uses a system, such as a
computer program, to produce a solution to a design problem with some level of autonomy.” [125].
Generative systems assist designers to rapidly explore the design solutions and evaluate them
against the design requirements. It also has the potentials to save time and effort in the design
process [126]. Generative design techniques are significantly efficient in the decision-making tasks
during the design process where data and relationships should be specified constantly. Generative
design techniques were mostly applied in modern design processes related to architectural design
concerns such as, form-finding or space layout design strategies.
Over the past decades, there have been a large number of research studies on automated
building design and space layout generation [127] that have shown a great potential to support
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architectural design procedures. Ibrahim [128] proposed the three processes of automatic space
layout generation, which encompass generation, search, and optimization. Typically, the research
studies in this research area firstly chose a representation strategy such as coordination-based [129]
[130], grid-based [131], tree data structure [132], or graph-based [133] followed by generation,
search, and optimization algorithms such as genetic algorithm [131], simulated annealing [129],
etc. In recent years, innovative approaches have been proposed and utilized for automated layout
design generation, such as case-based reasoning [134] and agent-based modeling [135]. AI-based
and data-driven sequential generative methods have been also broadly investigated for automated
layout design generation. These methods include AI-based agent modeling [136], Bayesian
Networks [137], Convolutional Neural Network (CNN) [138], Encoder-decoder network [139],
variational autoencoder (VAE) [140], and Generative Adversarial Networks (GAN) [126].
Despite a considerable amount of research on the generative design in the AEC industry
and the advancement achieved by the scholars and the industry professionals, the following major
gaps remain elusive according to the literature review:
•

Most of the studies have applied generative design techniques to solve the complexity of
design a single conventional (stick-built) building project and there is a definite lack of an
approach for the implementation of generative design in the MC industry. Monizza et al.
[100] carried out a single case study in the Glued-Laminated-Timber (GLT) industry
exploring capabilities and criticisms of parametric and generative design techniques in
mass production environments of the building industry. Their study is limited to a single
case study, however, the outcomes highlighted enhancements in manufacturing
effectiveness and efficiency.
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•

Developed generative design systems (also known as automated approaches) typically
generate or optimize the designs by considering only one phase or stage of the building,
for example, generating floorplan or site layout according to architectural principles. These
approaches generally overlook the tie across project phases: for examplemost of generative
design methods do not involve constraints of downstream processes (in MC include
manufacturing, transportation, and assembly) into the upstream design requirements [141].
Sharafi et al. [94] stated that most of the studies in the field of automated early-stage design
of a building overlooked structural and constructional considerations in a spatial design
which can make a serious impact on final outcomes. Thus, there is a need to further advance
the method toward a balanced generative design approach that integrates different design
aspects throughout the entire project life cycle and uses a well-established BIM approach
to enhance collaborative processes among diverse stakeholders, including planners,
architects, engineers, manufacturers, and contractors.

3.5

Methodology
This research study has a goal to develop a BIM-based generative modular housing design

framework for providing various modular housing design options and creating an optimized
constructible modularized design for residential modular housing. The pipeline of the proposed
framework is illustrated in Figure 3.2. The first step is the collection of real-world housing
floorplan data and development, training, and testing of a deep learning-based generative model
to generate the new building layout designs. In this step, the author deployed the CoGAN
developed by Liu and Tuzel [142], which supports learning a joint distribution of a multi-domain
image. The generative model was followed by a vectorizing algorithm designed to convert the
generated layouts into coordination-based vectors, which bring enhanced flexibility in constraint
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utilization. The coordination-based representation of layout also shows the promising capability
of application in 3D geometry and BIM representation [127]. The next step is the development of
a module configuration. A rule-based module configuration algorithm was designed to provide all
possible configurations within a given design layout. In this process, several considerations were
incorporated into the system including semantic rules, geometric rules, module coordination rules,
manufacturing, transportation, and assembly constraints to evaluate the module configuration
alternatives (CAs) and omit the errors and undesired options. This process helps assure
constructability and adaptability of a generated design as well as the satisfaction of final users’
needs and requirements. Then the coordination-based vectors of each configuration were mapped
into a BIM-based 3D data model. The following sections discuss the development processes of
each component in the proposed framework in detail.

Figure 3.2
3.5.1
3.5.1.1

Structure of the framework proposed in chapter 3.

Model Development
CoGAN-based Floorplan Generator

This study utilizes the Generative Adversarial Network (GAN) technology firstly proposed
and developed by Goodfellow et al. [143] as a generative model to produce unlimited but
constrained building layouts. GANs are a breakthrough innovation in machine learning that can
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create new data instances that conform to the learning patterns and resemble the training data.
GANs have shown a proven capability of producing realistic images [144, 145] and image-toimage translation [146, 147]. A GAN is composed of two neural networks that work against each
other. The generator learns to produce plausible fake data instances which are similar to the rela
data,while the discriminator learns to distinguish the fake data synthesized by the generator from
real data. The discriminator sends a signal to the generator as the penalty for generating
implausible instances and through backpropagation, the generator uses that signal to update its
weights and improve the generated results. Figure 3.3 represents the structure of a GAN model.

Figure 3.3

Structure of the GAN model

In this research, the author used CoGAN to generate unlimited but constrained floor plans.
The main reason for choosing CoGAN is its capability of unsupervised learning a joint distribution
of images from two different domains. This capability facilitates imposing cross-domain
constraints on the generated outputs. A floorplan design must fulfill various requirements so using
CoGAN helped the author to apply these requirements during the training process so that that the
output floorplans meet the learned requirement. CoGAN comprises a pair of GAN, each of which
is responsible for generating instances in one domain. The two GANs are forced to share a subset
of parameters as weights during the training (Figure 3.4), which results in that the GANs learn to
synthesize pairs of corresponding images without correspondence supervision. The detailed
explanation and formulation of CoGAN can be found in Liu and Tuzel [142], however, the
following is a brief description of how this method works.
51

Figure 3.4

Structure of CoGAN (Source: Liu and Tuzel [142])

The learning process of CoGAN corresponds to the constrained minmax game between
generative models 𝑔1 and 𝑔2 , and discriminative models 𝑓1 and 𝑓2 subject to constraints that (1)
the parameters of the 𝑖th layer of the generative models (𝜃𝑔(𝑖) and 𝜃𝑔(𝑖) ) are equal for all 𝑘 number
1

2

of shared layers between generative models, and (2) the parameters of the 𝑖th layer of the
discriminative models (𝜃𝑓(𝑖) and 𝜃𝑓(𝑖) ) are equal for all 𝑙 number of weight-sharing layers.
1

2

(Equation 1 presented by Liu and Tuzel [142] ). The value function of minmax game is calculated
by Equation 2 presented by Liu and Tuzel [142] , where 𝑥1 and 𝑥2 denotes the images drawn from
marginal distribution of the first domain 𝑥1 ~𝑝𝑥1 , and the marginal distribution of the second
domain 𝑥2 ~𝑝𝑥2 , respectively and 𝑧 denotes a random vector input.
max min V(f1 , f2 , g1 , g 2 ) subject to: θg(i) = θg(i) for i = 1, 2, … , k
1

(1)

2

𝜃𝑓(𝑛1−𝑗) = 𝜃𝑓(𝑛2−𝑗) for 𝑗 = 1, 2, … , 𝑙 − 1
1

2

And the value function (V) is given by:
𝑉(𝑓2 , 𝑓2 , 𝑔1 , 𝑔2 )=𝐸𝑥1 ~𝑝𝑥1 [−𝑙𝑜𝑔𝑓1 (𝑥1 )] + 𝐸𝑧~𝑝𝑧 [− log(1 − 𝑓1 (𝑔1 (𝑧)))]]

(2)

+𝐸𝑥2~𝑝𝑥2 [−𝑙𝑜𝑔𝑓2 (𝑥2 )] + 𝐸𝑧~𝑝𝑧 [− log(1 − 𝑓2 (𝑔2 (𝑧)))]]
This part of the framework aims to generate diverse sets of realistic and compatible house
floorplans with a set of predefined attributes as the project’s requirements. To accomplish this
objective, it is imperative to incorporate high-level design requirements as an architectural
program into the design generation process. The architectural program specifies various
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requirements including the building’s footprint and total square footage, number of rooms, types
of rooms, adjacencies between rooms, etc. [137]. Table 3.1 represents the parts of the high-level
requirements generally considered during the layout generation process. To reflect these
constraints into building layout generation, the collected dataset was categorized in multiple ways
according to the attributes presented in Table 3.1. Then several CoGANs were trained against the
categorized samples so that the dataset with the attribute was used as the first domain and the
dataset without the attribute constituted the second domain. Thus, the generator learns a joint
distribution of a building layout with different attributes in these two domains.
Table 3.1

High-level requirements

Attribute
Total Square Footage
Footprint
Room
Per-room Area
Room to Room Adjacency

Domain
ℤ
ℤ × ℤ
Bed, bath, …
ℤ × ℤ
True, false

3.5.1.1.1 Dataset and Preprocessing
This study utilized the large-scale library of RPLAN introduced by Wu et al. [139], which
offers more than 80,000 human-designed residential layout samples. The dataset has been provided
in the RGBA (Red Green Blue Alpha) format that is a “color model in which red, green, and blue
light are added together in various ways to reproduce a broad array of colors.” [148]. However, in
this dataset, each channel (R, G, B, and A) has been used to label and annotate the images to
transfer semantic information such as room type, space type, etc. Channel 1 or R channel is used
to annotate the exterior walls and doors, channel 2 or G channel is used to annotate different spaces
(room types) in the layout, channel 3 or B channel is used to show the number of repetitions of
each room type within the layout, and channel alpha is used as a mask to differentiate the exterior
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area and interior area. Table 3.2 provides the mapping labels and corresponding values and
information.
There are 17 different spaces annotated in the original dataset (shown in Table 3.2),
however, for preparing the data for CoGAN training, the author reduced the space types to 10. A
coloring palette was used to color the images in the dataset for visualization purposes. To this end,
the values of channel 2 (G channel) were mapped into the corresponding color within the color
palette. Table 3.3 shows the mapping values and corresponding color palette used for coloring the
images based on the provided labels and Figure 3.5 shows the two example images prepared as
training data.
Table 3.2
Channel

Channel
2 (G)

Description

value

labeling the
different spaces
in the images

0
1
2
3
4
5
6
7
8
127

Channel
1 (R)

Labeling
exterior walls
and doors

255

0

Mapping labels and values

Corresponding
information
Living room
Master room
Kitchen
Bathroom
Dining room
Child room
Study room
Second room
Guest room

Description

value

Channel
2 (G)

labeling the different
spaces in the images

9
10
11
12
13
14
15
16
17

Corresponding
information
Balcony
entrance
Storage
Wall-in
External area
Exterior wall
Front door
Interior wall
Interior door

0

Non-room area

Channel
3 (B)

distinguishing
diﬀerent rooms with
the same labels and
number of unique
spaces

Channel
4 (alpha)

differentiating the
exterior and interior
spaces

Channel

Exterior wall

Front door

Others

54

1, 2,
…

Room area
(number of
repetition)

0

Exterior area

255

Interior area

Figure 3.5

Sample images prepared for training data and visualization.

Table 3.3

Mapping values used for coloring the images.

Living room

Channel 2 in the original
data set
0

0

255

0

Master room

1

0

0

255

Kitchen

2

255

0

0

Bathroom

3

255

255

0

Dining room
Child room, Study room, Second
room, Guest room
Balcony, entrance

4

0

255

255

5,6,7,8

255

0

255

9,10

192

192

192

Storage

11

128

128

128

External area

13

0

0

0

All walls and doors

12,14,15,16,17

255

255

255

Space label

R

G

B

3.5.1.1.2 Vectorization Algorithm
A vectorizing algorithm is designed to map the generated raster images into a coordinationbased vector representation of a layout to enable configuring the modules, producing a BIM-based
data model, and accelerating the additional analyses of the building design. This algorithm uses a
pixel-wise analysis to identify the junctions and consequently spaces, edges, and points. This
analysis approach considers the pixels’ adjacency information as well as the coloring information.
Figure 3.6 shows the process of the designed vectorization algorithm in this research.
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In the first step, the algorithm identifies junctions where wall segments meet and represent
a layout structure by a set of junctions. The junctions can be categorized into three different types:
L-, T-, and X-shaped. Table 3.4 shows the different junction types with various orientations and
their corresponding pixel organization. These junctions denote corner points of different spaces
and endpoints of edges, so each junction can be associated with one or more spaces and edges.
Thus, the semantic information can be extracted for each junction according to the assigned color
of pixels that shows that the junction belongs to a certain type of space and edges associated with
space as shown in Table 3.4. In the next step, the junction’s coordination and semantic information
are used for identifying the different spaces and edges and representing the layout as a set of
coordination-based spaces and edges. An edge is also associated with space types on both sides.
By collecting and annotating all junctions, edges, and spaces, a final vectorized layout is generated
by using the coordination and associated semantic information. Figure 3.7 shows the example of
a generated layout with vectorized points, edges, and spaces.
Table 3.4
L-shaped
Junction

Different junction types and pixel organizations

Pixel
Organization

T-shaped
Junction

Pixel
Organization
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X-shaped
Junction

Pixel
Organization

Figure 3.6

Figure 3.7

The process of vectorization algorithm

Example of vectorization process

3.5.1.1.3 Post-generation Evaluation and Filtering
The underlying complexity of a real-world building floorplan design is not solely related
to geometry and topology [137]. The function of individual spaces and the functional relationship
between spaces play a major role in a building layout design [149]. In practice, understanding
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various design factors such as human needs, comfort, habits, and social relationships leads to a
satisfactory and quality building layout design [150]. Thus, one of the major challenges of
automated design generation models is the assessment of produced designs according to functional
principles and real-world architectural design requirements. Even though this research
incorporates the high-level requirements into the design generation process, satisfying the highlevel requirements alone does not guarantee the quality of generated layouts. To this end, a postgeneration evaluation and a filtering step are designed and utilized in this study. With this
validation process, generated layouts can be evaluated as to a set of pre-defined rules and
requirements. Since this research study focuses on the early design phase, a subset of identified
design requirements that can be addressed in the early stages of the design process is selected and
considered for the design generation procedure as shown in Table 3.5.
Table 3.5

Medium-level design requirements

Category
Design quality requirements

General owner’s requirements

Resiliency requirements

Type

Requirement (Description or example)

Connectivity constraint

“If there is at least a path between all
possible space pairs [150].”

Circulation

“Relationship between two spatial units in a
ﬂoorplan [150].”

Compactness

“How eﬃcient a layout is in terms of
avoiding the creation of gaps between space
units [150].”

Space quality

Geometric quality of spaces (meet the
min/max width-length ratio

Number-related preferences

Desired Number of specific room or space

Size-related preferences

Desired size for a specific room or space

Existence-related preferences

Existence or non-existence of a desired
room or space

Hurricane-related

House is <=60 ft. long
The Wall height of each story is <=10 ft.
Existence of safe room within the house
Windows and door height <= 6 ft. 8 inches
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3.5.1.2

Module Configurator Algorithm
Once a building design is fully developed, a modular manufacturer initiates working with

a design team to create a “modular key plan”, which is essentially a plan for how a building is
divided into constitutive modules [103]. One of the primary contributions of this study is the
development of a new algorithm for module configuration that provides a set of feasible and
constructible module configurations which comply with the current practices in the volumetric
MC industry. To this end, a module configuration approach was designed by analyzing junction
points and identifying all possible breakpoints in a targeted design layout (denoted by red asterisks
in the image (b) in Figure 3.8). Possible breakpoints are divided into the following two categories:
(1) corner points (denoted by blue circles in the image (c) in Figure 3.8) that are fixed breakpoints
(forced breakpoints); (2) All other points (shown only by black dost in the image (c) in Figure 3.8)
can be considered as potential breakpoints (optional breakpoints). Then the searching algorithm
generates all possible subsets from combinations of identified breakpoints in a building layout.

Figure 3.8

(a)
(b)
(c)
Example of the module configuration process. (a) Input image, (b) Identifying all
possible breakpoints, (c) Identifying forced breakpoints

After the generation of all possible CAs, the algorithm assesses the dimension, shape, and
weight of each module according to the collected constructability rule sets shown as a checklist
matrix in Table 3.6. The output of this step is the set of all constructible and feasible CAs as options
for designers to consider modularizing a specific building layout design.
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Table 3.6

Constructability rule sets checklist

Phase
Production
Construction

3.5.1.3

Constraint
Fabrication
Storage
Transportation
Structural unity and stability
Installation and assembly

IFC-based 3D BIM Data Model Creation
A BIM data model is a semantic-rich object-oriented data model that enables complicated

queries and analyses. The Industry Foundation Classes (IFC) is a well-established data exchange
format for BIM model data. The geometric representation of objects in IFC has two attributes:
ObjectPlacement and Representation. The IfcObjectPlacement is used to provide placement and
an object coordinate system for any object. The IfcRepresentation defines the general concept of
representing object properties and in particular the object shape. There are several different types
of solid model representations in IFC (BuildingSmart). This study uses one of these standard
models known as SweptSolid [151] in which the profile of an object is defined parametrically by
extrusion along a line or axis. The SweptSolid model defines an object with the geometric
information of the profile in a plane (IfcProfileDef) and, direction and length of the extrusion which
show the height or thickness of the object (Figure 3.9).
The following attributes are required to convert the 2D objects to the IFC-based 3D objects:
•

The geometry information of the 2D profile of each module which in this case is a polygon
defines by its corners’ coordination.

•

Extrusion Direction which in this case is vertical and perpendicular to the profile of the module
(horizontal plane).

•

Extrusion length that reflects the height of the module.
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It should be noted that the local coordinates of the vectorized layout should be transformed
into the global coordinate system and incorporated into the 3D model. This transformation can be
done by converting all the points to homogeneous coordinates (Equation 4) and using the affine
transformation (Equation 5).
x
[y] →
z

x
y
[z ]
1

TTranslation

(4)

1
= [0
0
0

0 0 ∆x
1 0 ∆y]
0 1 ∆z
0 0 1

(5)

Po

Ex

sition

trusion

Figure 3.9
3.5.2
3.5.2.1

SweptSolid representation model

Model Implementation
CoGAN-based Floorplan Generator

The proposed architecture of the CoGAN model was implemented in PyTorch, which is an
open-source deep learning framework for Python. For the implementation of CoGAN, this paper
followed the structure of the model using deep convolutional networks in the original paper
developed by Liu and Tuzel [142]. The two generative models had an identical structure, and both
have six layers including one linear layer, one round of Upsampling, one convolutional layer
followed by another round of Upsampling, and two convolutional layers. The convolutional layers
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employ batch normalization processing and the Leaky Rectified Linear Unit (Leaky ReLU). All
the generators’ layers share parameters except the last two convolutional layers. The discriminative
models were developed the same as the mentioned models but in reverse sequence with the five
convolutional layers. Two different inputs were fed into the discriminative models: first, the
batches including output generated image instances from the generative models, and second, the
batches containing real-world images from the two training data subsets. The full architectural
specification of the implemented CoGAN is shown in Table 3.7. the author also followed the
original paper to prepare the datasets by dividing the data into two equal-size non-overlapping
training subsets 1 and subset 2 (with and without an attribute) that were used to train GAN 1 and
GAN 2 respectively. As suggested by the original paper, the ADAM algorithm [152] with a
learning rate of 0.0002, the 1st momentum parameter of 0.5, and the 2nd momentum parameter of
0.999 was used for the training process. The training was conducted for 100k iterations with a
mini-batch size of 32. The author used the similar hyperparameters for all the experiments.
Table 3.7

Architecture

Generator

Discriminator

CoGAN architectural specification (K: kernel size, S: stride, P: padding, N:
Number of output channel, BN: batch normalization)
Layer

Description

Specification

Output Size

Shared?

1

linear reshape

-

128×64×64

Yes

2

Upsample 1

Scale factor =2

128×128×128

Yes

3

Conv2d 1

(N128, K3×3, S1, P1), BN, LeakyReLU

128×128×128

Yes

4

Upsample 2

Scale factor =2

128×256×256

Yes

5

Conv2d 2

(N64, K3×3, S1, P1), BN, LeakyReLU

64×256×256

No

6

Conv2d 3

(N3, K3×3, S1, P1), BN, TanH

3×256×256

No

1

Conv2d 1

(N16, K3×3, S2, P1), LeakyReLU

16×128×128

Yes

2

Conv2d 2

(N32, K3×3, S2, P1), BN, LeakyReLU

32×64×64

Yes

3

Conv2d 3

(N64, K3×3, S2, P1), BN, LeakyReLU

64×32×32

Yes

4

Conv2d 4

(N128, K3×3, S2, P1), BN, LeakyReLU

128×16×16

Yes

5

linear reshape

-

1

No
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The author trained few CoGANs models, each for generating a building floorplan with an
attribute (1st domain) and a corresponding building floorplan without the attribute (2nd domain).
The used dataset covered large variations in the high-level attributes such as the number of rooms,
the form of the building footprint, and building footage. The following three experiments were
carried out to evaluate the reliability and performance of the proposed model:
•

Experiment 1: Generating layouts with and without a second bedroom that can represent
the existence-related requirements. For this experiment, the dataset was categorized based
on the number of the rooms, and training was done on the following two datasets of a
similar size: one contained the building layouts with only a master room (without a second
bedroom); and the other one which contained building layouts with a second bedroom.

•

Experiment 2: Generating building footprints with and without an interior space layout
design that can characterize constraints of a space layout design. The two datasets for this
experiment include regular building layouts with interior spaces and building footprint
layouts without interior space design that only differentiate the exterior and interior spaces.

•

Experiment 3: Generating building layouts within a specific footage area range (For
example, generating floor plan under 1500 sq. ft.) that can signify quantitative design
requirements. This experiment was carried out by categorizing building layouts into the
instances that fit in the footage area range and the ones that fall out of the range
requirement. To obtain enough and similar size datasets the author also scaled building
layouts to achieve the floorplans with desired footage area.

3.5.2.2

Module Configurator Algorithm
After generating multiple design alternatives (DAs) for a building layout, the next step in

the process is vectorization followed by the module configurator. The author implemented the two
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proposed algorithms in Python for facilitating the flow of information from the design generation
step. The input of the implemented model was one design alternative, and the outputs were the
vectorized data which were further used in the process of 3D data model creation and a set of
possible CAs. The module configurator firstly developed all possible module configuration
scenarios and detailed information based on only geometrical constraints. Then each configuration
was checked against a set of constructability to evaluate the feasibility of the solution. The
checking process was done for each individual module based on its shape, dimensions, and
estimated weight. The CA is removed from a possible solution if at least one of the modules in the
configuration cannot meet the constructability rules.
3.5.2.3

IFC-based 3D BIM Data Model Creation
Based on the prior steps, the author generated a BIM data model by converting the 2D data

of building layout and CAs into BIM models. To implement the proposed SweptSolid model
presented in the methodology section, the author utilized the IfcOpenShell which is an open-source
Python library that helps users and developers to work with the IFC file format. A prototype 3D
BIM model generator was developed that gets the vectorized data from the module configuration
step as the input and generates an IFC file for each design alternative as output. The developed
IFC model contains IFC-based building elements (IfcWalls, IfcFloor, IfcRoof, etc.) represented
by their geometry and associated properties such as type and material. Figure 3.10 shows the
implementation process of generating an IFC model which can be briefly described as follows:
•

Step 1: the first step is creating an IFC template file to quickly populate entity instances for an
IfcProject with its dependencies.

•

Step 2: The next step is making a hierarchy for spatial structure in the IFC model which serves
as the primary project breakdown and represents the project, site, building, story, and space.
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IfcSite, IfcBuilding, IfcBuildingStory, and IfcSpace are used to build the spatial structure of a
building. The geometric placement of these spatial structure elements is defined by the
IfcLocalPlacement and they are linked together by using the objectified relationship
IfcRelAggregates. These spatial elements serve as the spatial container for building and other
elements. Figure 3.11 shows the composition of hierarchical spatial structure in the IFC model.
•

Step 3: The next step in the process is the creation of walls (or other elements) according to
the SweptSolid model explained in the methodology section. For the implementation of the
SweptSolid model, firstly the author queried the required data from module configurator output
to identify the extrusion area (profile), extrusion axis, and extrusion length, which can be
defined by the user input according to the preferences. Then created the extruded solid and
assigned it to IfcProduct with IfcProductDefinitionShape. Then the IfcProduct and
IfcLocalplacement were used to create an IfcWallStandardCase.

•

Step 4: In the next step, the author defined and associated the material and other properties to
the created building product (Wall). IfcMaterial and IfcRelAssociatesMaterial were used to
define

and

assign

the

material

to

the

wall

object,

respectively.

Similarly,

IfcPropertySingleValue and IfcRelDefinesByProperties were used respectively to define and
assign some properties such as thermal transmittance.
•

Step 5: In the last step, all the generated objects were assigned to their related space
representing the module that they belong to and to the related story by using
IfcRelContainedInSpatialStructure.
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Figure 3.10 The implementation process of generating an IFC model.

Figure 3.11 The composition of hierarchical spatial structure in the IFC model
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3.5.3
3.5.3.1

Model Assessment
CoGAN-based Floorplan Generator

Due to the absence of an objective function in GAN models, it is difficult to compare the
performance of different models [153]. This means that although several measures have been
introduced, as of yet, there is no generally affirmed method of evaluating a given GAN generator
model [154]. This issue leads to several problems in the GAN-related research and in the use of
GANs, such as uncertainty for deciding a final generator model during a training process, the
difficulty for selecting generated instances that can fully demonstrate the capability of a generator
model, and difficulty in comparing GAN models with different architectures [155]. As such, the
quality and desirability of the outputs in the context of the target problem, are often used to evaluate
the performance of GAN models.
One of the most common and intuitive approaches to examine the GANs is the manual and
visual examination of samples by humans [154] in which a definite number of outputs are
synthesized by the GAN model, then the quality and diversity of the outputs are evaluated
manually according to the target domain. Although the manual and visual examination is
considered as the easiest way of model evaluation, it has some limitations [155], such as
subjectivity, requiring domain knowledge, and being time-consuming.
To this end, several quantitative methods were developed and adopted that use numerical
measures to express the quality of synthesized instances by GAN generator [154]. An extensive
review of these methods has been conducted by Borji [154].
In this chapter, the author deployed a combination of quantitative, qualitative, and domainrelated measures to evaluate the performance of the CoGAN-based model and the quality of
generated floorplan designs.
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•

Practicality: The practicality of a generated layout is manually assessed with the experts’
judgment. A definite number of randomly synthesized building floorplans is sampled, and an
expert is asked to evaluate the samples with a 3-level scale (-1 is not practical, 0 is relatively
practical, and +1 is completely practical).

•

Diversity: The diversity of generated layouts and their similarity to real designs are evaluated
qualitatively by sampling from the trained model and quantitatively by the Fréchet Inception
Distance (FID) proposed by Heusel et al. [156]. FID is a well-established metric in GAN
literature [93] that determines the distance between real and GAN-generated data pertaining to
their feature vectors. As discussed in [156], “The FID metric is the “Wasserstein metric
between two multidimensional Gaussian distributions: 𝑁(𝜇 − 𝛴) the distribution of some
neural network features of the images generated by the GAN and 𝑁(𝜇𝑤 − 𝛴𝑤 ) the distribution
of the same neural network features from the real images used to train the GAN. It can be
calculated from the mean and the covariance of the activations when the synthesized and real
images are fed into the Inception network as:”

𝐹𝐼𝐷 = |𝜇 − 𝜇𝑤 |2 + 𝑇𝑟(𝛴 + 𝛴𝑤 − 2(𝛴𝛴𝑤 )

1⁄
2

(6)

Lower FID shows more similarity between real and generated samples according to the
distance between their activation distributions. however, there is no threshold value for the FID
score to define the desired level of diversity. To this end, the author trained a Wasserstein GAN
(WGAN) model as a baseline GAN model developed by Ajovsky et al. [157] and compared the
obtained FID scores for WGAN and the proposed CoGAN.
•

Compatibility: The aim of using CoGAN is to generate an unlimited number of new building
layouts that are compatible with the high-level owner’s requirements. In order to evaluate the
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compatibility of the generated layout are evaluated manually for a definite number of random
samples to find the accuracy of the model. The compatibility rate will be calculated by:
𝐶𝑜𝑚𝑝𝑎𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑟𝑎𝑡𝑒 = (1 −
•

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑜𝑙𝑎𝑡𝑒𝑑 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡𝑠

) × 100

(7)

Design quality: To evaluate the quality of the generated images according to the architectural
principles, the synthesized floor plan designs are compared to the real floor plan data used for
training the model in terms of design quality measures mentioned in Table 3.5. These measures
include (1) connectivity, (2) circulation, (3) compactness, and (4) space quality. Bahremand et
al. [150] presented detailed approaches for the calculation of the measures that the author used
for this research. The author hypothesized that the outputs of the CoGAN-based model have
no significant differences with the actual data in terms of the abovementioned measures. To
test these hypotheses shown in Table 3.8, a two-tailed t-test (α=0.05) is used. To this end,
Welch’s t-test (unequal variances t-test) is used. The statistic 𝑡 is defined by the Equation 8,
where 𝑋𝑗 , 𝑠𝑗 , and 𝑁𝑗 are the 𝑗 𝑡ℎ the sample means, sample standard deviation, and sample size,
respectively.
Table 3.8

𝑡=

Hypotheses to test the design quality of generated floor plans

Measure

Null hypothesis (𝑯𝟎 )

Alternative hypothesis (𝑯𝒂 )

Connectivity

𝐶𝑣
𝐶𝑣
𝜇𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑧𝑒𝑑
𝑑𝑎𝑡𝑎 = 𝜇𝑟𝑒𝑎𝑙 𝑑𝑎𝑡𝑎

𝐶𝑣
𝐶𝑣
𝜇𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑧𝑒𝑑
𝑑𝑎𝑡𝑎 ≠ 𝜇𝑟𝑒𝑎𝑙 𝑑𝑎𝑡𝑎

Circulation

𝐶𝑟
𝐶𝑟
𝜇𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑧𝑒𝑑
𝑑𝑎𝑡𝑎 = 𝜇𝑟𝑒𝑎𝑙 𝑑𝑎𝑡𝑎

𝐶𝑟
𝐶𝑟
𝜇𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑧𝑒𝑑
𝑑𝑎𝑡𝑎 ≠ 𝜇𝑟𝑒𝑎𝑙 𝑑𝑎𝑡𝑎

Compactness

𝐶𝑚
𝐶𝑚
𝜇𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑧𝑒𝑑
𝑑𝑎𝑡𝑎 = 𝜇𝑟𝑒𝑎𝑙 𝑑𝑎𝑡𝑎

𝐶𝑚
𝐶𝑚
𝜇𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑧𝑒𝑑
𝑑𝑎𝑡𝑎 ≠ 𝜇𝑟𝑒𝑎𝑙 𝑑𝑎𝑡𝑎

Space quality

𝑆𝑄
𝑆𝑄
𝜇𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑧𝑒𝑑
𝑑𝑎𝑡𝑎 = 𝜇𝑟𝑒𝑎𝑙 𝑑𝑎𝑡𝑎

𝑆𝑄
𝑆𝑄
𝜇𝑠𝑦𝑛𝑡ℎ𝑒𝑡𝑖𝑧𝑒𝑑
𝑑𝑎𝑡𝑎 ≠ 𝜇𝑟𝑒𝑎𝑙 𝑑𝑎𝑡𝑎

𝑋1 −𝑋2
2

(8)

2

𝑠
𝑠
√ 1− 2

𝑁1 𝑁2
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3.6

Results
3.6.1

CoGAN-based Floorplan Generator

The CoGAN learning results for each experiment are shown in Figures 3.12 and 3.13. It
should be emphasized that no related floorplans between the two domains were given to the model.
However, the CoGAN was able to learn generating a floorplan from domain 1 and the
corresponding floorplan from domain 2. [142] discussed that the weight-sharing constraint
imposed on the layers enables the exploiting the correspondence between the two domains, and
without that feature, the two GANs only generated two unconnected images in the two domains.

Figure 3.12 Experiment 1 result samples (The first row: generated layouts with only a master
bedroom, the second row: generated building layouts with a second bedroom)

Figure 3.13 Experiment 2 result samples (The first row: generated layouts with interior space
design, the second row: generated building footprints)
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As mentioned regarding the evaluation procedure, the author employed the four
measurement criteria including practicality, diversity, compatibility, and design quality metrics to
evaluate the performance of the proposed CoGAN model. For testing the practicality of the
generated layouts, the author conducted a user study in which 200 synthetized layouts were
sampled from the trained model in experiment 2 and evaluated by rating the samples with a 3-level
scale (-1 is not practical, 0 is relatively practical, and +1 is completely practical). The sample
generated layouts achieved a score of 0.42 which shows that the outputs were in the range of
relatively practical to completely practical. In order to evaluate the diversity of the generated
layouts, the author sampled 200 building layout variations from the trained model in experiment 2
and computed the FID score. The sampled layouts achieved an average FID score of 18.3 which
outperforms the baseline WGAN model with an average FID score of 32.8. The lower FID score
(closer to zero) shows superior performance in terms of diversity, however, there is no threshold
value for the FID score to define the desired level of diversity. Figure 3.14 qualitatively
demonstrates the acceptable diversity of the trained model.
The compatibility of the model outputs in each experiment also has been evaluated. 100
layouts were sampled from each trained model and the error rate was calculated according to
Equation 7. The model performed robustly on the compatibility metric in all experiments. The
higher compatibility of the outputs indicates the ability of the model to learn the joint distribution
of images in two different domains. Table 3.9 presents a summary of the result for all experiments.
Table 3.9

Summary of CoGAN model performance evaluation metrics
Practicality

Diversity

Compatibility

Experiment 1

-

-

78%

Experiment 2

0.42

0.18

86%

Experiment 3

-

-

65%
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In order to test the design quality of the generated floorplans by the proposed CoGAN
model, the author hypothesized that the generated floor plans are not significantly different from
the real data instances used for the training process. To test this hypothesis, 200 instances were
sampled from the real data as the first group and 200 instances were sampled from synthetized
floor plans as the second group. Then four different design metrics including connectivity,
circulation, compactness, and space quality were calculated for all instances in each group. Then
a t-test is conducted for each metric to determine if there is a significant difference between the
two groups. To test the normality of the data in the two groups which is an underlying assumption
for the t-test, the author used the Jarque–Bera [158] which is a test that determines whether the
skewness and kurtosis of the sample data comply with a normal distribution (Table 3.10).
Considering the normality test results in Table 3.10 and the boxplots of the data (shown in Figure
3.14), it can be assumed that the data for both groups in all four metrics are distributed normally.
Accordingly, the t-test was conducted to test all hypotheses in Table 3.8 and the results are shown
in Table 3.11. The results suggest that there are no significant differences between synthetized
floor plans and real data floor plans in terms of design quality metrics.
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Figure 3.14 Boxplots of design quality metrics in sampled data from real and synthesized floor
plans
Table 3.10
Measure
Connectivity
Circulation
Compactness
Space quality

Summary of normality test results

Size

Skewness

Kurtosis

Real

200

0.084

-0.076

JB test
statistic
0.281

0.869

H0 (The data is
normally distributed)
Retained

Synthetized

200

-0.052

-0.347

1.096

0.578

Retained

Real

200

0.135

Synthetized

200

-0.028

0.116

0.716

0.699

Retained

0.232

0.476

0.788

Real

200

Retained

-0.063

-0.223

0.548

0.760

Synthetized

Retained

200

0.105

-0.291

1.075

0.584

Retained

Real

200

-0.122

0.036

0.510

0.775

Retained

Synthetized

200

0.192

-0.285

1.911

0.385

Retained

Data sample

Table 3.11
Real

Summary of hypotheses test results

Synthetized

t

P-

Measure

Connectivity
Circulation
Compactness
Space quality

P-value

df
𝑿

𝒔𝒕𝒅

𝑿

𝒔𝒕𝒅

0.846
0.583
0.846
0.584

0.094
0.065
0.079
0.047

0.832
0.573
0.852
0.579

0.144
0.084
0.126
0.102

statistics
1.151338
1.3315
0.57056
0.629616
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value
342
374
334
279

0.250
0.184
0.569
0.529

𝑯𝟎
Retained
Retained
Retained
Retained

3.6.2

Module Configurator Algorithm

Figures 3.15 and 3.16 illustrate the examples of module configuration algorithm outputs.
All these figures are possible decomposition or modularization of the floorplan in Figure 3.8.
However, Figure 3.15 contains three feasible CAs that comply with the constructability rules while
Figure 3.16 shows two instances of infeasible CAs that violate at least one of the rules.

Figure 3.15 Instances of the feasible CAs

Figure 3.16 Instances of the infeasible module configuration outputs
3.6.3

IFC-based 3D BIM Data Model Creation

By using the process in Figure 3.17, each alternative is turned into an IFC model containing
several components, including module combination, wall types, floor types, roof types, etc. Figure
16 indicates a part of an IFC model that represents a sample IfcWallStandardCase creation and
properties assignment.
Figures 3.18 and 3.19 illustrate the developed prototype of the module configurator and
IFC-based 3D BIM data model creator. In this prototype, the walls and floors are generated, and 3
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different roof alternatives are proposed based on the building geometry. Developing the BIM
model for the modules facilitates the further flow of information throughout the project phases
from design to manufacturing and assembly. The developed prototype is able to collect the
required information to check the constructability rules presented in Table 3.6.

Figure 3.17 Part of an IFC model that represents a sample IfcWallStandardCase creation and
properties assignment.
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Figure 3.18 Module configuration and BIM model creation prototype (Alternative 1)

Figure 3.19 Module configuration and BIM model creation prototype (Alternative 2)
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3.7

Discussion
The proposed automated design framework launches a new project development process

integrating manufacturing and construction considerations into a generative design system.
Traditional project development process using generative design mostly focused on a specific
phase of the project development process. In comparison, the proposed method automates the
entire design process by incorporating manufacturing and construction constraints to fit the needs
of the MC method. MC design is a complex and systematic process which is influenced and
restricted the requirements of design, manufacture, and assembly stages. Therefore, compared with
the traditional generative design process, the generative design process in the MC industry needs
additional design analysis effort considering the requirements of the manufacturing and assembly
stages. Yuan et al. [105] introduced Design for Manufacturing and Assembly (DFMA) for MC
aiming at considering the knowledge of manufacturing and assembly in the design stage.
The lack of integration between the design phase and the manufacturing phase makes it
challenging for designers to initiate the housing design and spatial layout because they do not have
sufficient knowledge of manufacturing practices. It can also lead to further design issues that can
be detected late in the manufacturing process requiring extra efforts and resources to solve the
conflicts. The present work highlighted the prospect for manufacturing- and construction-oriented
design by incorporating BIM to avoid the abovementioned issues. Using the proposed approach,
when a design is developed, the designers can be confident that the design is aligned with
manufacturing capabilities and construction requirements. In other words, the output of the
proposed design system is a set of manufacturable and constructible designs presented as BIM
models to improve the communication and flow of information throughout the entire lifecycle of
the project.
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From the practice perspective, the current work can make improvements in project time,
cost, and quality of projects. The proposed design framework is mainly developed to facilitate the
early design phase of MC-based houses and tackle the design and pre-planning challenges that
lead to the reluctance of decision-makers, architects, and clients toward using the MC method.
Improving the early design phase in MC, the project can fully benefit from the advantages
attributed to the MC method including improved schedule and shorter completion time, higher
quality and safety, the economy of scale in mass production, and reduced site labor requirement
[86].
Furthermore, incorporating a data-driven approach, namely CoGAN, into the model,
require considerable initial effort and time for training the system and developing the design
system. However, the trained model then can be used to produce unlimited DAs fulfilling the
project’s requirement with minimum effort. The developed generative design system helps to
avoid the iterative and time-consuming process of a housing design which requires the experience
and expertise of designers and considerable time and energy. Besides, the proposed generative
design system offers a module configurator that helps designers to generate and evaluate multiple
CAs to establish a constructible and manufacturable modular design with minimum knowledge
about the production process. Thus, designers and other stakeholders can save time and
consequently cost in the early design phase and focus on the detailed design.
The developed prototype provided a starting point to understand how an integrated MC
generative design system enables more benefits than manual designs or other generative designs
that are not investigated for MC. However, although the developed prototype showed promising
results for the efficiency of the proposed generative design framework, the system should be
improved from several aspects including the accuracy and comprehensiveness to successfully
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being implemented by practitioners. A cross-organizational collaborative process among various
stakeholders is required to implement the proposed framework as a fully practical tool.
3.8

Conclusion

Several design- and preplanning-related challenges such as inflexibility in design and the need for
special expertise, knowledge of production, and high level of design-production coordination often
make decision-makers, architects, and clients compromise on using the MC method. Thus, there
is a need for utilizing emerging technologies and IT systems that support MC design requirements
such as mass customization, module configuration, and integration of processes and data
throughout the project phases. This research that adopted a GAN-based generative design
framework for modular houses has an endeavor to take one step closer to the ideal goal of fully
automating MC design.
This work is intended to contribute to the body of knowledge in several ways. First, the
framework is proposed to fill the identified research gaps including:
(1) The lack of designers’ knowledge and experience about the requirements and
limitations of downstream processes (i.e., manufacturing, transportation, and
assembly) and their interrelated effects on the design process.
(2) The lack of a flexible analytical tool to automate and integrate the design generation
and modularization process of MH according to the current practices.
Second, the proposed generative design framework fits the MC industry that can be used
by designers and MH companies looking to automize their design process. It is also expected to
provide critical benchmarks for planners, decision-makers, and community developers to facilitate
their decision-making process on considering the MC as an efficient way for mass construction
and addressing communities’ housing needs. Third, the paper proposed an integrative generative
design process that covers the requirements of various phases throughout the entire project
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lifecycle, from floor layout planning to manufacturing and assembly. To support the collaborative
process during the project lifecycle the proposed framework creates and incorporates IFC-based
BIM data models. This research, however, has the following limitations:
•

The scope of this work is limited to the early design phase and mainly focused on
architectural design and overlooked the structural design which plays an important role in
design, manufacturing, and assembly phases. Future research is needed to investigate how
structural design can be incorporated into the proposed design framework.

•

The proposed CoGAN-based generative model was able to apply high-level requirements
on the floorplan designs during the training, however, it lacked the capability of imposing
more detailed constraints (e.g., constraints of modularization) so the author utilized a
separate module configurator to integrate the modularization process into the design
process. However, future research is required to integrate these two processes during the
training process.

•

The proposed framework enables the users to check the CAs against pre-defined
constructability and manufacturability rule. However, it lacks a methodology to evaluate
the CAs against each other to find the optimal design. In the next step of this research, the
authors intended to develop an optimization process capable of evaluating CAs from
various perspectives and yielding the optimal solution for MC design.
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CHAPTER 4.
OPTIMIZING THE MODULAR BUILDING DESIGN
FOR RAPID POST-DISASTER MASS HOUSING
RECONSTRUCTION 2
4.1

Purpose of the Chapter
The purpose of this chapter is to present a systematic approach for optimizing the design

modularization for an efficient implication of MC in PDHR in terms of manufacturing,
transportation, and assembly. Chapter 3 proposed an advanced generative design system to
facilitate the design process of modular houses. However, due to the challenges in PDHR, using
the developed design framework solely is not sufficient to guarantee the optimal implementation
of MC for mass reconstruction. Although the design framework proposed in Chapter 3 delivers
various functional (the design requirements) and feasible (manufacturable, transportable, and
assemblable) modular design alternatives to planners, it falls short of assisting them to choose the
optimal design among alternatives for either a single project or multi-project environment (e.g.,
PDHR) which is the main focus of this chapter.
4.2

Introduction
PDHR is a highly complex process because of a large number of projects and a shortage

of resources after a disastrous event [4]. PDHR generally includes more than hundreds or
thousands of housing projects to recover the affected communities. This complexity and the lack
of an consistent, systematic approach for planning lead to an “ad-hoc case-by-case” decisionmaking process [6]. PDHR needs a strategy that reconsiders it as an integrated large-scale portfolio

A part of the methodology in this chapter was previously published as Ghannad, P., Lee,
Y. C., Friedland, C. J., Choi, J. O., & Yang, E. (2020). Multiobjective optimization of postdisaster reconstruction processes for ensuring long-term socioeconomic benefits. Journal of
Management in Engineering, 36(4), 04020038. Reprinted by permission of ASCE Journal of
Management in Engineering.
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of projects instead of individual building reconstruction projects so that it can deal with the
frequent shortage of resources and minimize the time and cost [7, 8].
MC is claimed as a promising approach for permanent housing reconstruction in disasterstruck areas [4, 75]. However, to successfully implement MC for mass PDHR and fully benefit its
potentials, it needs to be planned to move beyond the prefabrication of individual buildings and
seen as a multi-product, multi-stage process that can be achieved through adopting principles of
mass customization.
The core concept of the mass customization approach is to bring some level of
customization into products while maintaining the standards of efficiency, cost, and quality of
mass production [24]. Effective implementation of mass customization in MC possibly enables a
flexible design that is consistent with both manufacturers’ capabilities and customers’ preferences
while maintaining the main benefits of mass production [25] both of which are essential for an
efficient PDHR process.
One of the key concepts for the realization of mass customization is product modularization
[28-30]. Moving toward mass customization requires the modularization of products to provide
unique combinations for any customer [31]. Adopting an optimal modularization strategy in the
MC industry is a more challenging task than one in the manufacturing industry because module
configuration for each project must be optimized considering the specific design requirements of
that project [32]. This challenge is magnified in PDHR where a large number of projects (multiproduct) exist, and modularization must be defined and optimized based on both individual
project’s requirements and PDHR portfolio needs throughout the entire process (multi-stage).
Implementing a successful modularization strategy for PDHR raises two main challenges
as follows:
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(1) Modular construction needs a relatively high degree of standardization and uniformity,
which is known as commonality, for being time- and cost-efficient because of adopting
mass production principles [120] while the PDHR as a portfolio of a large number of
unique projects needs a significant variation to fulfill the requirements of each project
[7]. To this end, the planners must deploy an approach to the trade-off between the
production of uniform, similar, and standardized building components (commonality)
and the flexibility of design, variation, and individual project performance
(distinctiveness) [109]. The former aims at reducing the production complexity, and
time and cost of the entire process, while the latter attempts to fulfill the customers’
needs.
(2) In contrast with manufacturing in most MC-based projects, much of the work still has
to be performed after the production stage, such as transportation, foundation, and
installation stages [116]. The modular configuration design of each project influences
the project cost and schedule significantly as well as the performance of the project
[87]. Therefore, optimizing the commonality alone cannot guarantee the overall
optimal solution. The planners of MC face a challenge to optimize the design
considering the downstream processes [159]. This challenge is exacerbated in the
PDHR process where a large number of projects exist, and suboptimal design solutions
can extremely increase the required time and cost for the entire process.
In mass customization, product variants are produced from different module combinations
or configurations that meet the requirements of various clients [116]. Therefore, it is critical to
develop modules that can be used in numerous product variants and at the same time fulfill various
requirements [116]. These modules are also known as platforms [108]. The development and use
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of platforms in the modularization process is one of the main enablers of mass customization that
can tackle the commonality challenge [160]. Research studies on commonality and platform design
in MC-related literature, typically, focused on the MH due to the homogeneity of housing as a
product and market demand [111]. This homogeneity can also be found in the PDHR process at
the highest level, so using the platforms in the modularization process of the large portfolio of
projects such as PDHR looks promising approach to increase the level of commonality and
consequently reduce the production complexity, cost, and time.
Several researchers investigated the concept of commonality and platform design in MC
from various perspectives. Wikberg et al. [161] utilized hierarchical architectural objects to
facilitate customization and configuration of modular house platforms. A group of scholars in a
series of research studies [108, 141, 162] carried out several case studies of the about implication
of platforms to customize homes and residential units. They introduced the concept of “Design
modules” which allows to reuse of technical solutions and increases the commonality of
components and parts used in the construction industry. Khalili and Chua [107] developed an IFCbased approach to grouping the building components based on the concept of “isomorphism” in
order to increase the level of commonality and improve modularization. They incorporated the
“isomorphism” concept into their grouping approach in order to find and define possible standard
modules. They focused on precast concrete building and utilized a graph data model to analyze the
component configuration. Said et al. [109] presented an optimization model to address the
commonality-distinctiveness trade-off problem in exterior panelized walls platform.
Despite the great contribution of these studies, the author found two main research gaps in
this field. Firstly, most of these studies focused only on optimizing the production phase of the
MC and overlooked the downstream processes such as transportation and installation. Secondly,
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they mostly investigated the commonality from the perspective of a product family that can be
manufactured by a manufacturer, not from the perspective of a multi-project portfolio that should
be constructed utilizing MC either by one or more manufacturers.
To tackle the second challenge of modularization, several studies addressed optimization
of modular design to minimize the cost of the post-production phases. Sharafi et al. [94] deployed
a matrix-based approach for minimizing the construction cost by exploring the optimal floorplan
layout options in multi-story buildings. Salama et al. [118] employed a matrix clustering technique
and an integrated index to reflect practical constraints (e.g., transportation and onsite activities
such as lifting, connections, and foundation). Weerasinghe et al. [163] also presented a modularity
index based on assembly, onsite handling, and concrete cost to choose the best structural system
being adopted for modular multi-story buildings. Wong et al. [164] focused on minimizing the
total transportation cost by selecting the optimal site facility layout plan. In another research,
Gbadamosi et al. [101] focused on minimization of assembly cost, time and waste by optimizing
the building envelope materials. Although the aforementioned studies had a great contribution in
optimizing the modularization strategy, they mostly overlooked the production stage. Few studies
consider the optimization of modularization strategy for the entire process. For instance,
Shahtaheri et al. [159] developed a model to minimize the risks of dimensional variability through
optimization of assembly configuration by considering the manufacturing, transportation, and
assembly processes. In a recent attempt, Almashagbeh and El-Rayes [87] proposed an optimization
model to trade-off between two conflicting objectives: maximizing the functional performance of
the floorplan and minimizing the total cost of MC projects . However, all the aforementioned
research studies focused on a single MC-based project rather than a multi-project portfolio.
Therefore, there is a definite need for further research to tackle and overcome these research gaps.
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This chapter aims to present a systematic approach to optimize the modularization strategy
in the early design phase, namely floor plan design or spatial layout design, for the multi-product
multi-stage MC-based PDHR by incorporating the concepts of commonality and platform design.
This optimization model should be capable of (1) reflect the entire multi-stage process of MC
(production, transportation, and assembly), and (2) Consider both individual project’s
requirements and PDHR portfolio’s requirements (multi-product).
4.3

Research Questions and Objectives
4.3.1

Research Questions:

Answering the following research questions is expected to fulfill the research purpose:
1. What factors control modularization optimality specifically in the case of MCbased PDHR? And how can their effects be quantified?
2. How should commonality and platform design be adopted and quantified in MC to
improve its implication in PDHR?
3. What other variables and objective functions should be considered in order to form
an optimization model to find an optimal modularization strategy for the
implementation of MC in PDHR? What is the sensitivity of an optimization model
to selected variables? and What is the predicted extent that the proposed
optimization model can improve this implementation?
4.3.2

Research Objective:

Accordingly, the following objectives were pursued to answer the research questions:
1. Identify and quantify the factors of modular design (modularization) that can affect
the project time, cost, and quality considering the entire process of MC.
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2. Examine a suitable strategy to adopt and incorporate the concepts of commonality
(similarity or uniformity among modules) and platform design to address the
specific needs of the implementation of MC in PDHR.
3. Develop an optimization model to optimize the commonality of modules in the
PDHR portfolio of the projects and modularization of individual projects.
4.4

Research Contribution
This chapter contributes to the body of knowledge by (1) providing a new MC-based

PDHR framework considering the requirements of a multi-stage process for mass production, (2)
proposing a systematic approach that evaluates a design modularization strategy in the early design
phase considering all downstream processes, (3) incorporating the commonality as one of the main
objectives for optimization of modularization strategy, (4) adopting the concept of customizable
modules as “Platform Modules” to increase the commonality without constraining the module
configuration process, and (5) proposing an optimization model and solving algorithm for the
complex MC-based PDHR optimization problem to satisfy the requirements and constraints of
PDHR process.
4.5

Methodology
As shown in Figure 4.1 the methodology for this chapter has four major components that

work interactively to pursue the purpose of this research, including module configurator,
modularity assessment, commonality assessment, and GA-based optimization model. The first
component is the module configurator developed and discussed in chapter 3, which was a rulebased algorithm capable of flexibly decomposing a building floorplan into manufacturable,
transportable, and assembleable modules in various ways. Each feasible decomposition constitutes
a feasible configuration alternative (CA). After generating a set of feasible CAs for each design
alternative (DA) (chapter 3), an evaluation system is required to find the optimal modular design
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configuration not only for a single project but also for a portfolio of PDHR projects. To this end,
the author proposed two different components for evaluating the quality of modular configuration
design according to the costly downstream stages of MC which are production, transportation, and
installation. The modularity assessment component was designed to quantify the suitability of each
modular configuration design for post-production stages (individual projects’ perspective) and the
commonality assessment component was assigned to evaluate the commonality of the selected
modularization strategy to leverage the mass production benefits (PDHR portfolio’s perspective).
A GA-based optimization model also works with these two components to find the set of modular
configuration designs that offer the optimal modularization strategy. The following sections
discuss each component in detail.

Figure 4.1
4.5.1

The Overview of the methodology

Modularity Assessment

The modularity assessment component evaluates the generated feasible CAs from the
project perspective mainly focused on the transportation and assembly phases. To this end, the

88

author utilized three indices, which account for costs of connection of the modules on-site,
transportation costs of the modules from a manufacturing site to the construction site, and onsite
lifting and related costs. Salama et al. [118] and Weerasinghe et al., [163] introduced a similar
methodology for finding the near-optimum module configuration and optimum construction
strategy for multi-story residential modular buildings, respectively. The methodology in this
section followed the principles of the methodology presented by Salama et al. [118], however, it
was extensively modified to fit the scope and purpose of this study. To measure the relative
suitability of the CAs, the three indices were integrated into one index, the Modular Suitability
Index (MSI). Further, the MSI was deployed as one of the objective functions to optimize the
modularization strategy within the PDHR portfolio. The abovementioned indices are described in
the following sections.
4.5.1.1

Transportation Index (TI)
Transportation plays a pivotal role in the decision-making process of MC as Bolt and

Arzymanow [165] stated that “the maximum size and weight of a module that is practical and
economical to transport are the first design parameters established for a modular building.” Several
studies investigated module transportation focusing on route planning, trucking plan,
transportation method, etc. [118]. There is a rule of thumb that minimizing the number of modules
is the most cost-effective solution for modular design so the largest module that can be shipped to
the building site is the most economical one. However, for realistic and practical optimization of
the module configurations and their dimensions, transportation limitations must be incorporated
into the optimization process according to the commercial trucking regulations at federal and local
levels. In the U.S. every state has three categories for shipping dimensions including [121]:
•

Legal dimensions: No permit is required.
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•

Oversized permitted shipments: Requires regular permits and related fees.

•

Superload shipments: Requires special permits and related fees.
The dimension limitations are different from one state to another and are subjected to

changes from time to time [118]. Garrison and Tweedie [166] provided dimension limitation in
different states of the U.S. For instance, the legal dimensions in Louisiana, for example, are 14,
10, 75 ft for height, width, and length, respectively. The author presented simplified criteria to
evaluate the relative transportation costs of the CAs (Table 4.1). The cost penalty assigned to each
category was defined based on Smith [121]. Accordingly, a relative cost penalty was considered
for each category of transportation, and the transportation cost penalty 𝑇𝐶𝑃 can be calculated by
summation of the number of modules in each category of transportation (i.e., legal, oversized,
superload) multiplied by the arbitrary cost penalty assigned to each transportation category
(Equation 1).
𝑇𝐶𝑃 = ∑ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑒𝑠 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 × 𝑐𝑜𝑠𝑡 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 (1)

The Transportation Index (TI) was calculated by:
𝑇𝐶𝑃𝑚𝑎𝑥 −𝑇𝐶𝑃

𝑇𝐼 = 𝑇𝐶𝑃

(2)

𝑚𝑎𝑥 −𝑇𝐶𝑃𝑚𝑖𝑛

Where 𝑇𝐶𝑃𝑚𝑎𝑥 and 𝑇𝐶𝑃𝑚𝑖𝑛 are the most and least possible transportation cost penalties for
CAs associated with the same project in the PDHR portfolio, respectively.
Table 4.1

Criteria for evaluation of transportation cost

Transportation category

Module width

Module length

Module height

Cost penalty

Legal
Oversized
Superload

≤10’
10’-18’
≥18’

≤75’
75’-125’
≥125’

≤14’
14’-16’-5”
≥16’-5”

1
1.3
2

90

4.5.1.2

Connection Index (CI)
As an important part of the assembly process, it is crucial to investigate the module's main

connection types to assess the required resources and costs for each connection existing in the
modular design [118]. Connection type variations depend on the module's materials,
manufacturer's practices, junction types, and orientations. The main connection types that can be
considered are external, internal, and MEP connections [118]. Teribele and Turkienicz [167]
presented a comprehensive analysis of different connections according to junction type and
orientation in modular volumetric architecture. Table 4.2 shows examples of different connections
for different junctions. In order to practically optimize the module configuration considering the
connection between modules, a connection library can be developed which contains all possible
connections taking into account the type of connection, type of junction. As mentioned above,
manufacturing practices and the material used in fabrication are important factors to identify the
connections and associated costs, thus, this library should be customized according to the
manufacturing practice. Then, a penalty cost was assigned to each connection according to the
required efforts and resources for the execution of the connection. In this research, a hypothetical
arbitrary cost penalty was assigned to each connection type to demonstrate the application of the
proposed methodology. Accordingly, Connection Index (CI) can be calculated as follows:
1- Identifying the connections in the design by using the BIM model: Connections should be
evaluated in 3D geometry. So, this study uses the IFC-based BIM model and its geometry
representation to extract the required connections for each design.
2- Finding the corresponding connection category using the two characteristics of the
connection.
3- Assigning cost penalty to each connection to quantify modules interfaces' connections.
4- Evaluating the total connection cost penalty 𝐶𝐶𝑃.
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𝐶𝐶𝑃 = ∑ 𝐶𝑜𝑠𝑡 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛

(3)

5- Calculating CI by:
𝐶𝐶𝑃max −𝐶𝐶𝑃

𝐶𝐶𝐼 = 𝐶𝐶𝑃

(4)

max −𝐶𝐶𝑃min

Where 𝐶𝐶𝑃max and 𝐶𝐶𝑃min are the most and least possible 𝐶𝑃𝐶 for modular CAs
associated with the same project in the PDHR portfolio, respectively.
Table 4.2
2D layout

4.5.1.3

Examples of different junctions
3D model

Junction detail

Lifting and Crane Operating Cost Index (LI)
Crane costs are relatively high, so cranes require precise planning to arrange the crane

without any idle time. Therefore, lifting and crane planning should be considered in the design
process of modular buildings. Mobile cranes are more common in MC and the rule of thumb in
selecting the right crane is “to choose a small and accessible crane to lift multiple modules rather
than choosing a large crane to lift one or two lifts.” [118], however, practically, the heaviest module
controls the crane capacity. Module weight generally falls in the range of 8000 kg – 16000kg [33].
Weerasinghe et al. [163] presented three different module weight categories and associated
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equipment requirements as shown in Table 4.3. The table contains a relative cost penalty (𝑟𝑐𝑝) for
each category according to the crane renting index proposed by Weerasinghe et al. [163]. The
required crane is defined by the maximum wights of the modules in the design. According to
Salama et al. [118], the hourly placing rate (ℎ𝑝𝑟) for the modules varies between 0.75 and 1.375.
In this study, the author assumed the ℎ𝑝𝑟 as 1. So, the lifting cost penalty 𝐿𝐶𝑃 for a design with
𝑀 modules can be calculated as follows:
𝑀

𝐿𝐶𝑃 = ℎ𝑝𝑟 × 𝑟𝑐𝑝

(5)

the Lifting Index (LI), similar to other indices, was calculated by:
𝐿𝐶𝑃𝑚𝑎𝑥 −𝐿𝐶𝑃

𝐶𝐼 = 𝐿𝐶𝑃

(6)

𝑚𝑎𝑥 −𝐿𝐶𝑃𝑚𝑖𝑛

Where 𝐿𝐶𝑃𝑚𝑎𝑥 and 𝐿𝐶𝑃𝑚𝑖𝑛 are the most and least possible 𝐿𝐶𝑃 for CAs associated with
the same project in the PDHR portfolio, respectively.
Table 4.3

4.5.1.4

Equipment requirement for different module weight categories

Module weight category (kg)

Equipment Requirement

Relative cost penalty

W<10000

Light

2

10000<w<13000

Moderate

4

13000<w

Heavy

6

Modular Suitability Index (MSI)
The MSI was calculated by using a weighted (w) sum of the three mentioned indices (i.e.,

CI, TI, LI) (Equation 7) to integrate them in one unified index so that the MSI can be utilized as a
quantitative indicator of each CA’s suitability in terms of downstream processes (i.e.,
transportation and assembly).
𝑀𝑆𝐼 = 𝑊𝐶𝐼 𝐶𝐼 × 𝑊𝑇𝐼 𝑇𝐼 × 𝑊𝐿𝐼 𝐿𝐼

(7)
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4.5.2

Commonality Assessment

The commonality assessment component was designed to investigate the level of
commonality among various MC-based projects within the PDHR portfolio to maintain the cost
and time efficiency of mass production. The methodology for commonality assessment can be
divided into two parts: (1) introducing the concept of platform module to increase the possibility
for efficient commonality, and (2) adopting a commonality index for quantifying the commonality
achieved in various solutions for MC-based PDHR.
4.5.2.1

Platform Module
The design process and module configurator proposed in this research utilizes a top-down

approach [168] and traditional engineer-to-order process [28], which is started with a desirable
floor plan governed by customer’s specification and followed by a configurator to decompose it
into manufacturable, transportable, and assemblable components as modules. Due to the one-ofa-kind products and integral architecture of each project, it is difficult to pursue commonality and
re-use technical solutions (i.e., common modules) within different projects [115]. To tackle this
challenge the author introduced “Platform Module” which was adopted from the concept of
“differentiated modules” introduced by Liu et al. [169] in platform design literature for the
manufacturing industry, or similar concept of “Design Module” introduced by Jensen [108] in
construction literature. The “Platform Module” can be defined as a module that has a specific
functionality (e.g., a bedroom with a built-in bathroom) but can be modified or adapted in another
specification (e.g., the dimensions of the bathroom) to meet the unique demands of the project
while its design remains within the defined constraints. The “Platform Module” was used as a
general concept of flexible pre-designed modules, so the difference from the concept of “Design
Module” in Jensen [108] is that it includes all three platform architecture categories presented by
Jensen [108], namely Standard modules, Variant modules, Design modules. The reason for this
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generalization is that the purpose of this research is investigating the effect of using flexible predesigned modules in the design process on the level of commonality and efficiency of MC-based
PDHR rather than the development process of platform architecture which has been extensively
discussed in the literature [28, 29, 160].
To achieve the purpose of this research the author proposed the following steps to
incorporate using platform modules in the modularization process. The steps were designed based
on the scope of this dissertation (i.e., early design stage, volumetric modules, and single-family
house).
1- Parametric definition of the modules (height/length/width/ratios etc.).
2- Defining the design tolerances (margin of variation) governed by potential constraints
from the production point of view.
3- Analysis of the outputs from module configurator to identify the modules that follow
the platform modules according to pre-defined tolerances.
Figure 4.2 illustrates a simple platform module (2D) based on the functionality of the module
(Bedroom with built-in bathroom) and its simplified parametric definition such as length and width
of the module (𝑙𝑀𝑜𝑑 , 𝑤𝑀𝑜𝑑 ), width and length of bedroom section (𝑙𝐵𝐷 , 𝑤𝐵𝐷 ), and width and length
of the bathroom section (𝑙𝐵𝑇 , 𝑤𝐵𝑇 ).

Figure 4.2

Example of the developed Platform Modules
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The output of this process is grouping the modules of the CAs into two categories, (1) the ones
that can follow the platform modules and (2) the ones which should be designed and produced
during the course of the project which is known as unique modules.
4.5.2.2

Commonality Index
In manufacturing-related literature, a number of various indices have been established and

adopted for quantifying the level of commonality within a product portfolio. According to Baylis
et al. [170], the broadly implemented commonality indices include but are not limited to “the
degree of commonality index (DCI), total constant commonality index (TCCI), product line
commonality index (PCI), percent commonality index (%C), commonality index (CI), component
part commonality (CI(c)), commonality versus diversity index (CDI), comprehensive metric for
commonality (CMC), and total commonality metric (TCM).” Each of the commonality indices has
a major focus and strengths but also has its limitations such as complexity to set up, difficulty in
data collection, difficulty in interpretation, etc. [171, 172]. The author selected the total constant
commonality index (TCCI) [173]. The TCCI is easy to calculate and set up [172] and provides a
good initial assessment of the potential added value achieved by increasing the commonality.
However, the TCCI has some simplifying assumptions, such as assigning an equal weight for each
module in the commonality score. As a result, it provides a relatively simplified interpretation of
commonality concept without considering the complex and detailed benefits gained from sharing
each of the modules. TCCI is calculated by Equation 8 where 𝑑 and 𝜑𝑗 are the number of distinct
modules used in 𝑆 and the number of selected CAs in 𝑆 to which module 𝑗 is common, respectively.
𝑇𝐶𝐶𝐼 = 1 − ∑𝑑

𝑑−1

(8)

𝑗=1 𝜑𝑗 −1
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4.5.3

Optimization Model

The optimization model was designed to optimize the commonality and modularization suitability
by selecting one CA for each project within the PDHR portfolio. The objectives of the optimization
model (modular suitability and commonality) corresponded to the quality of selected CAs and the
quality of compatibility among selected CAs. Figure 4.3 illustrates the problem for a portfolio with
3 projects.

Figure 4.3

Schematic illustration of alternative selection problem

In general form it can be described as a PDHR portfolio consist of 𝑛 projects:
{𝑃(1), . . . , 𝑃(𝑖), . . . , 𝑃(𝑛)}. For each project (i.e., ∀𝑖, 𝑖 = ̅̅̅̅̅
1, 𝑛) there are corresponding design
𝑎

alternatives (DAs) {𝐷𝐴1𝑖 , 𝐷𝐴2𝑖 , . . . , 𝐷𝐴𝑖 𝑖 } where 𝑎𝑖 is the number of alternatives for project 𝑖. And
𝑗
̅̅̅̅̅̅
for each project (i.e., ∀𝐷𝐴𝑖 , 𝑖 = ̅̅̅̅̅
1, 𝑛, 𝑗 = 1,
𝑎𝑖 ) there are corresponding module configuration
𝑐

alternatives (CA) {𝐶𝐴1𝑖 , 𝐶𝐴2𝑖 , . . . , 𝐶𝐴𝑖 𝑖 } where 𝑐𝑖 is the number of CAs for project 𝑖. Thus, the
problem is to select one CA for each project while taking into account the following objective
functions and constraints.
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4.5.3.1

Objective Functions and Constraints

The first objective function is related to modularization suitability which was described in detail
in section 4.5.2. Modularization suitability was quantified with a Modularization Suitability Index
(MSI) for each CA individually. In order to evaluate this objective function for a possible solution,
̅̅̅̅̅ ) corresponding to the selected alternatives was assigned to the objective
the average of MSIs (𝑀𝑆𝐼
function value. So, the objective function can be expressed as follows.
For a set of selected CAs { 𝑆(1), . . . , 𝑆(𝑖), . . . , 𝑆(𝑛} (one representative 𝑆(𝑖) for each project
𝑃(𝑖), 𝑖 = 1, 𝑚):
Maximize: ̅̅̅̅̅
𝑀𝑆𝐼 =

∑𝑛
𝑖 𝑀𝑆𝐼𝑆(𝑖)

(9)

𝑛

The second objective function is the commonality which was discussed in section 4.5.3. In contrast
with the first objective function, the commonality can be evaluated according to the composition
of the CAs rather than an individual CA. Thus, this objective function can be expressed as:
Maximize: 𝑇𝐶𝐶𝐼 (𝑆)

(10)

To evaluate this objective function, the author, first, constructed a design-module matrix (DMM)
for each possible solution. A similar matrix has been introduced by Baylis et al. [170] for product
family platform selection. Each row of the DMM corresponds to a selected CA and each column
corresponds to a module that has been used in at least one of the CAs. To reduce the size of the
matrix, the first 𝑚 (number of platform modules) columns of the matrix were assigned to platform
modules which may be used by more than one CA and the (𝑚 + 1)𝑡ℎ column represents the
number of unique modules used in each CA. The first 𝑚 column of the DMM accepts a binary
value that shows the presence or absence of the platform module in the corresponding CA (i.e., 1
if the platform module is used in CA, otherwise 0). Thus, the DMM has 𝑛 rows (number of projects
and CAs is 𝑆) and 𝑚 + 1 columns.
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(11)
In the next step, the constituted DMM was used to calculate the 𝑇𝐶𝐶𝐼 by using Equation 8. The 𝑑
and 𝜑𝑗 parameters in the mentioned equation which denotes the number of distinct modules used
in 𝑆 and the number of selected CAs in 𝑆 to which module 𝑗 is common, respectively, can be
calculated as follows:
𝑑 = 𝑚ˊ + ∑𝑛𝑖=1 𝐷𝑀𝑀𝑖,𝑚+1

(12)

𝜑𝑗 = ∑𝑛𝑖=1 𝐷𝑀𝑀𝑖,𝑗

(13)

Where 𝑚ˊ denotes the number of platform modules that have been used in at least one of the
selected CAs. The optimization problem is subjected to the following constraints:
𝑞

𝑆(𝑖) ∈ {𝐷𝐴1𝑖 , 𝐷𝐴2𝑖 , . . . , 𝐷𝐴𝑖 𝑖 }

(14)

∑𝑚+1
𝑗=1 𝐷𝑀𝑀𝑖,𝑗 = 𝑛𝑀𝑂𝐷𝑆(𝑖)

(15)

Where the 𝑛𝑀𝑂𝐷𝑆(𝑖) is the total number of modules in the selected CA as 𝑆(𝑖).
4.5.3.2

GA-based Solving Algorithm

The total number of solution strategies increases significantly (combinatorial explosion) as the
number of the project in PDHR portfolio and number of corresponding DAs and CAs increase.
The number of solution strategies for 𝑛 projects can be calculated by Equation 16.
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑖𝑒𝑠 = ∏𝑛1 𝑐𝑖

(16)

The described optimization problem can be categorized as a combinatorial optimization problem
which is NP-hard [174], so it is unlikely that an efficient exact algorithm can be designed to solve
it [175]. To this end, the author presented a GA-based algorithm to implement the proposed
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optimization model to find the optimal solutions. Due to the multi-objective characteristics of the
optimization model, the Non-dominated sorting genetic algorithm (NSGA-II), which is a GAbased multi-objective optimization technique presented by Deb et al. [176], was used in this
research. The effectiveness and efficiency of the method have been investigated and verified by
other researchers [177]. The following section explains how the NSGA-II was incorporated into
the optimization model to achieve the objective of this research. Figure 4.4 illustrates the
optimization process.
4.5.3.3

Optimization Process

The input of the model is the set of all feasible CAs associated with all projects. Firstly, all CAs
are evaluated by the modularity assessment components and an MSI is assigned to each CA. Then
NSGA-II generates a random population of size 𝑛𝑃𝑜𝑝. In this stage to reduce the computation
time of finding the Pareto optimal solution, the author proposed a pre-selection strategy to add one
of the Pareto effective solutions to the initial population. This solution is the one with CAs that
achieved the best ranks for each project. In other words, this solution is the global optimum
solution for the first objective (overall MSI). In the next step, the two objectives’ values of each
solution within the population are calculated by (1) calculating the average MSI for selected CAs
in each solution and (2) Using the commonality assessment component to calculate the TCCI.
Concerning the objectives’ values, the nondomination sorting procedure is used to ranks the
population. Each member of the population obtains a rank equal to its nondomination level and is
assigned to a front according to its rank, where the smaller the rank, the better the level. In the next
step, the linear distances between all members of each front are calculated to define the crowding
distance for each individual. The roulette-wheel selection method [178], in which the higherranked individuals have a higher chance for selection, was used to select the parents. This selection
method can reduce convergence time significantly. The selection is mainly based on the rank of
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individuals, but if the selected individuals share an equal rank, then the member with a larger
crowding distance is chosen. In the next step, the crossover, and the mutation operators generate a
new population of offspring with a size of 𝑛. In order to execute the crossover and mutation, it is
crucial to maintain the permutation among the genes to have a feasible solution. Thus, permutation
single-point crossover and combination of swap, insertion and switch mutation have been utilized
as the crossover and mutation operators, respectively. Then, the current and the new population
are combined to create a population of the size of (𝑛𝑃𝑜𝑝 + 𝑛). Finally, a population of the exact
size of 𝑛𝑃𝑜𝑝 is obtained using the sorting procedure, including both crowding distance– and rankbased sorting of individuals. This process is repeated consequently for a predefined number of
generations as the termination criterion or until convergence. At the end of NSGA-II
implementation, a set of nondominated Pareto-optimal solutions is obtained.
4.5.3.4

Parameter Settings and Performance Evaluation
In the stochastic environment produced by metaheuristic methods such as NSGA-II,

finding a good set of solutions is one of the main challenges. The algorithm and quality of the
solution sets must be evaluated based on three major performance criteria (1) the number of nondominated solutions (cardinality), (2) the diversity of the solution (distribution), and (3) their
convergence to the true Pareto front (convergence) [179]. In order to appraise the quality of the
acquired solutions from NSGA-II and evaluate the performance of the algorithm, the author
selected the following two metrics.
(1) Schott’s spacing metric (S) [180]: The 𝑆 is used to measure the quality of the distribution
of the solutions a n approximate Pareto front 𝐴. The 𝑆 can be calculated by Equation 17
where 𝑑𝑖 denotes the minimum value of the Manhattan distances between the 𝑖th solution
and any other solution in 𝐴 and 𝑑̅ is the mean value of 𝑑𝑖 𝑠. The small values of 𝑆 imply
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that the solutions are spaced and distributed equidistantly. Therefore, the algorithm with
smaller spacing is better.
1
|𝐴|
𝑆(𝐴) = √|𝐴| ∑𝑖=1(𝑑𝑖 − 𝑑̅)2

(17)

(2) Inverted generation distance (IGD) [181]: The IGD index is calculated by Equation 18
where 𝑑𝑖 is the minimum value of Euclidean distance between the 𝑖th member of the true
Pareto front 𝑃 and any other solution in 𝐴 and 𝑑̅ is the mean value of 𝑑𝑖 𝑠. 𝐼𝐺𝐷(𝐴, 𝑃) can
be assess both the diversity and convergence if 𝑃 represents the Pareto front very well. The
small values of 𝐼𝐺𝐷(𝐴, 𝑃) imply that the solutions in 𝐴 is very close to the true Pareto front
𝑃 and does not miss any part of it. Therefore, the algorithm finding Pareto front with lower
𝐼𝐺𝐷(𝐴, 𝑃) value is better.

𝐼𝐺𝐷 (𝐴, 𝑃) =

√∑|𝑃| 𝑑𝑖 2
𝑖=1

(18)

|𝑃|

Although metaheuristic methods are generally efficient in solving complex optimization
problems, their performances highly depend on the internal parameters including population size,
crossover rate, mutation rate, and termination criteria. In this study, the author used a population
size of 200 and termination criteria of 200 iterations for all experiments. The remaining parameters
were determined by multiple runs and evaluation of the results. The author selected the percentage
of crossover 𝑃𝑐𝑟𝑜𝑠𝑠 from the set {0.6,0.7,0.8} and the mutation percentage 𝑃𝑚𝑢𝑡 varies in {0.3, 0.45,
0.6}. Therefore, 9 combinations of these parameters were tested to find the best combination. The
NSGA-II algorithm was executed on a test case 20 times with each combination of the parameters
and the corresponding average values of 𝑆 and 𝐼𝐺𝐷 were recorded. Finally, the author adopted the
average ranking (𝑟̅𝑗 ) approach (Equation 19) (𝑛 = 2 criteria (𝑆 and 𝐼𝐺𝐷) and 𝑘 = 9 algorithms
over the simulations)used in Friedman test [182] to choose the best combination of the parameters.
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1

𝑟̅𝑗 = 𝑛 ∑𝑛𝑖=1 𝑟𝑖𝑗

Figure 4.4
4.6

(19)

The optimization process of the proposed model

Results

The results of this chapter were divided into two sections. The first section presented an illustrative
example of the proposed methodology with a project portfolio composed of three different
projects. The second section presented various case studies to evaluate the performance of the
proposed optimization model and investigate the effects of different variables on the model’s
outputs and performance.
4.6.1

Illustrative Example

This section presented the step-by-step implementation of the proposed methodology on a
hypothetical illustrative example shown in Figure 4.3 which is composed of three distinct projects.
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For each project, two design alternatives (DAs) were selected. The following sections show the
results of model implementation in each step.
4.6.1.1

Module Configuration

The module configuration algorithm developed in chapter 3 was used to generate feasible CAs for
all the projects. Of note, a limited number of feasible CAs for each project were selected to reduce
the complexity of the illustrative case. Table 4.4 provides the visualization for each project, DAs,
and CAs generated by the proposed module configurator.
4.6.1.2

Modularity Assessment

To assess the suitability of modularization in all 15 different CAs within the illustrative case, all
components of the modularity assessment described in section 4.5.2 were calculated for each CA
and then the Modularization Suitability Index (MSI) was developed by integrating the Connection
Index (CI), Transportation Index (TI) and Lifting Index (LI). Finally, the CAs corresponding to
each project was ranked based on their MSI.
4.6.1.2.1 Connection Index (CI)
All connections were detected for all CAs, and then the connection cost was calculated by
multiplying the number of each connection type by the assigned cost penalties as shown in Table
4.5. The results are summarized in Table 4.5.
4.6.1.2.2 Transportation Index (TI)
After identifying the type of transportation required for each module according to Table 4.1,
equation (2) was used to calculate TI for all CAs . The results are summarized in Table 4.6.
4.6.1.2.3 Lifting Index (LI)
This index is calculated using Equation 6 and the assumed variables are included in Table 4.3. The
results are summarized in Table 4.7.
4.6.1.2.4

Modularization Suitability Index (MSI)
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MSI was calculated using Equation 7 assuming equal weights for 𝑊𝐶𝐼 , 𝑊𝑇𝐼 , 𝑊𝐿𝐼 . Then the CAs
for each project were ranked accordingly. Table 4.8 summarizes the results.
Table 4.4
Project

Project 1

Project 2

Project 3

Projects, DAs, and CAs generated for the illustrative example

Design
Alternatives
𝐷𝐴11

𝐶𝐴11

𝐶𝐴12

𝐷𝐴12

𝐶𝐴13

𝐶𝐴14

𝐷𝐴21

𝐶𝐴12

𝐶𝐴22

𝐷𝐴22

𝐶𝐴32

𝐶𝐴42

𝐷𝐴31

𝐶𝐴13

𝐶𝐴23

𝐶𝐴33

𝐷𝐴32

𝐶𝐴43

𝐶𝐴53

𝐶𝐴63

Module Configuration alternatives
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𝐶𝐴15

Table 4.5

Project

Identified connections and summary of CI calculation

Module
Number
Connection
Connection Type
Junction Type
Design
Connection
Configuration
of
Cost
Alternatives
Index (CI)
alternatives modules External Internal MEP JT1 JT2 JT3 JT4 JT5 Penalty

𝐷11
P (1)
𝐷12

𝐷21
P (2)
𝐷22

𝐷31
P (3)
𝐷32

𝐶𝐴11
𝐶𝐴12
𝐶𝐴13
𝐶𝐴14
𝐶𝐴15

4

5

2

6

5

1

0

1

320

0.00

3

4

1

5

3

0

0

1

240

0.37

4

4

1

1

2

2

0

1

0

125

0.91

4

3

1

1

1

2

1

0

0

105

1.00

4

4

2

5

3

1

2

0

0

270

0.23

𝐶𝐴12
𝐶𝐴22
𝐶𝐴32
𝐶𝐴42
𝐶𝐴13
𝐶𝐴23
𝐶𝐴33
𝐶𝐴43
𝐶𝐴53
𝐶𝐴63

4

5

1

4

5

1

0

0

225

0.00

3

4

0

2

4

0

0

0

0

120

1.00

4

3

2

3

2

1

1

0

1

200

0.24

3

3

2

3

3

0

0

1

190

0.33

4

4

1

3

4

1

0

0

180

0.73

3

3

0

2

3

0

0

0

105

1.00

5

5

4

6

5

2

0

2

385

0.00

4

4

2

5

3

1

2

0

0

270

0.41

4

4

2

4

3

1

2

0

0

240

0.52

4

4

3

4

3

1

2

0

1

275

0.39

Table 4.6

Project

Design
Alternatives

𝐷11
P (1)
𝐷12

𝐷21
P (2)
𝐷22

𝐷31
P (3)
𝐷32

Summary of TI calculation

Module
Configuration
alternatives

Number
of
modules

Transportation Type
Legal

Oversized

Superload

𝐶𝐴11
𝐶𝐴12
𝐶𝐴13
𝐶𝐴14
𝐶𝐴15

4

3

1

0

3

1

2

0

4

4

0

0

4

4

0

0

4

3

1

0

𝐶𝐴12
𝐶𝐴22
𝐶𝐴32
𝐶𝐴42
𝐶𝐴13
𝐶𝐴23
𝐶𝐴33
𝐶𝐴43
𝐶𝐴53
𝐶𝐴63

4

2

2

0

3

0

3

0

3

1

2

0

3

1

2

0

4

3

1

0

3

1

2

0

5

4

1

0

4

2

2

0

4

3

1

0

4

2

2

0
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Transportation
Cost Penalty

Transportation
Index (TI)

4.3
3.6
4
4
4.3

0.00

4.6
3.9
3.6
3.6

0.00

4.3
3.6
5.3
4.6
4.3
4.6

0.59

1.00
0.43
0.43
0.00
0.70
1.00
1.00
1.00
0.00
0.41
0.59
0.41

Table 4.7
Project

Design
Alternatives

𝐷11
P (1)
𝐷12

𝐷21

P (2)

𝐷22

𝐷31
P (3)
𝐷32

Table 4.8

Project

Design
Alternatives

𝐷11
P (1)
𝐷12

P (2)

𝐷21
𝐷22

𝐷31
P (3)
𝐷32

Summary of LI calculation

Module
Configuration
alternatives

Number
of
modules

Equipment
Requirement

𝐶𝐴11
𝐶𝐴12
𝐶𝐴13
𝐶𝐴14
𝐶𝐴15

4

Medium

3

Medium

4

Light

4

Light

4

Medium

𝐶𝐴12
𝐶𝐴22
𝐶𝐴32
𝐶𝐴42

4

Heavy

3

Heavy

3

Heavy

3

Medium

𝐶𝐴13
𝐶𝐴23
𝐶𝐴33
𝐶𝐴43
𝐶𝐴53
𝐶𝐴63

4

Heavy

3

Heavy

5

Heavy

4

Medium

4

Medium

4

Medium

Lifting
Cost
Penalty

Lifting
Index (TI)

16
12
8
8
16

0.00

24
18
18
12

0.00

24
18
30
16
16
16

0.43

0.50
1.00
1.00
0.00
0.50
0.50
1.00
0.86
0.00
1.00
1.00
1.00

Summary of MSI calculation and CAs’ ranking

Module
Configuration
alternatives

Number
of
modules

Connection
Index (CI)

Transportation
Index (TI)

Lifting
Index
(LI)

Modular
Suitability
Index
(MSI)

Rank

𝐶𝐴11
𝐶𝐴12
𝐶𝐴13
𝐶𝐴14

4

0.00

0.00

0.00

0.000

5

3

0.37

1.00

0.50

0.622

3

4

0.91

0.43

1.00

0.780

2

4

1.00

0.43

1.00

0.811

1

𝐶𝐴15
𝐶𝐴12
𝐶𝐴22
𝐶𝐴32
𝐶𝐴42
𝐶𝐴13
𝐶𝐴23
𝐶𝐴33
𝐶𝐴43
𝐶𝐴53
𝐶𝐴63

4

0.23

0.00

0.00

0.079

4

4

0.00

0.00

0.00

0.000

4

3

1.00

0.70

0.50

0.736

2

4

0.24

1.00

0.50

0.576

3

3

0.33

1.00

1.00

0.773

1

4

0.73

0.59

0.43

0.584

5

3

1.00

1.00

0.86

0.953

1

5

0.00

0.00

0.00

0.000

6

4

0.41

0.41

1.00

0.606

3

4

0.52

0.59

1.00

0.700

2

4

0.39

0.41

1.00

0.599

4
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To investigate the sensitivity of the overall MSI to each index, the author investigated the effect
of each index on MSI through a sensitivity analysis. It was performed by varying the values of the
relative weights from 0.2 to 0.6 while the rest of the weights for other indices were set equal values.
For instance, if the relative weight 𝑊𝐶𝐼 was set as 0.5 then relative weights 𝑊𝑇𝐼 and 𝑊𝐿𝐼 were taken
equal values of 0.25. The results of sensitivity analysis are shown in Figure 4.5.

Figure 4.5
4.6.1.3

Sensitivity analysis for relative weights 𝑊𝐶𝐼 , 𝑊𝑇𝐼 and 𝑊𝐿𝐼 in MSI calculation

Commonality Assessment

4.6.1.3.1 Platform Module
Table 4.9 shows 6 simplified 2D platform modules developed for this illustrative example and case
studies in the next sections. The tolerance for identifying the match between configurated modules
and platform modules was assumed as ±6 f.t.
According to the developed platform modules, configurated CAs were analyzed, and the results
were summarized in Table 4.10.
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Table 4.9
Platform Module

Code

PM1

4.6.1.4

Sample developed platform modules.
Parametric
dimensions
𝑙𝑀𝑜𝑑
𝑤𝑀𝑜𝑑
𝑤𝑀𝑜𝑑
𝑤𝑀𝑜𝑑
𝑙𝐵𝑇
𝑤𝐵𝑇

Platform Module

Code

PM4

PM2

𝑙𝑀𝑜𝑑
𝑤𝑀𝑜𝑑

PM5

PM3

𝑙𝑀𝑜𝑑
𝑤𝑀𝑜𝑑

PM6

Parametric
dimensions

𝑙𝑀𝑜𝑑
𝑤𝑀𝑜𝑑

𝑙𝑀𝑜𝑑
𝑤𝑀𝑜𝑑
𝑙𝐿𝑅
𝑤𝐿𝑅
𝑙𝐾𝑇
𝑤𝐾𝑇

𝑙𝑀𝑜𝑑
𝑤𝑀𝑜𝑑

Optimization
Because of the limited number of projects and the associated CAs, the solution space for

the illustrative example is small (5 × 4 × 6 = 120). So, in this section instead of using a GAbased searching algorithm, the entire solution space was searched to find the Pareto optimal
solutions.
Table 4.11 shows an example of DMM (highlighted) for a selected solution. This solution
was selected based on the maximum MSI index among CAs, which means that this solution is the
global optimum solution for the first objective and one of the Pareto optimal solutions.
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Table 4.10

Project

Summary of analysis for identifying a match between platform modules and
configurated modules

Design
Alternatives

𝐷11
P (1)
𝐷12

P (2)

𝐷21
𝐷22

𝐷31
P (3)
𝐷32

Module
Configuration
alternatives

Number
of
modules

PM1

PM2

PM3

PM4

PM5

PM6

𝐶𝐴11
𝐶𝐴12
𝐶𝐴13
𝐶𝐴14
𝐶𝐴15
𝐶𝐴12
𝐶𝐴22
𝐶𝐴32
𝐶𝐴42
𝐶𝐴13
𝐶𝐴23
𝐶𝐴33
𝐶𝐴43
𝐶𝐴53
𝐶𝐴63

4

0

1

1

0

0

1

1

3

1

0

0

0

0

1

1

4

0

1

0

0

1

0

2

4

0

1

0

0

1

0

2

4

0

0

1

1

0

1

1

4

0

1

1

1

0

1

0

3

1

0

0

1

0

0

1

4

1

0

0

0

0

1

2

3

0

1

0

1

0

0

1

4

1

0

0

1

0

1

1

3

0

0

0

1

0

1

1

5

0

1

1

1

0

1

1

4

0

0

1

1

0

1

1

4

0

1

0

1

0

0

2

4

1

0

0

0

1

1

1

Table 4.11

Platform Modules

Unique
modules

The global optimum solution in terms of MSI

Project

Design
Alternatives

Module
Configuration
alternatives

Number of
modules

PF1

PF2

PF3

PF4

PF5

PF6

Unique
modules

P (1)

𝐷12

𝐶𝐴14

4

0

1

0

0

1

0

2

P (2)

𝐷22

𝐶𝐴42

3

0

1

0

1

0

0

1

𝐷31

𝐶𝐴23

3

0

0

0

1

0

1

1

-

0

2

0

2

1

1

4

P (3)

𝜑𝑗

Platform Modules

𝑑

8

𝑇𝐶𝐶𝐼

0.222

̅̅̅̅̅ = (0.811 + 0.773 + 0.953)/3
𝑀𝑆𝐼

0.846

Figure 4.6 shows the entire solution space for this example with 120 points and Figure 4.6 shows
the Pareto optimal solutions (7 solutions). The corresponding selected CAs with each Pareto
optimal solution has been noted in the Figure. For instance, the best solution in terms of
commonality is (𝐶𝐴15 , 𝐶𝐴12 , 𝐶𝐴33 ) (Table 12).
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Table 4.12
Project

Design
Alternatives

P (1)

𝐷12

P (2)

𝐷22

P (3)

𝐷31

Module
Configuration
alternatives

𝐶𝐴15
𝐶𝐴12
𝐶𝐴33
𝜑𝑗

The best solution in terms of TCCI
Platform Modules

Number of
modules

PF1

PF2

PF3

PF4

PF5

PF6

Unique
modules

4

0

0

1

1

0

1

1

4

0

1

1

1

0

1

0

5

0

1

1

1

0

1

1

-

0

2

3

3

0

3

2

𝑑

6

𝑇𝐶𝐶𝐼

0.583

̅̅̅̅̅ = (0.079 + 0.000 + 0.000)/3
𝑀𝑆𝐼

0.026

Figure 4.6

Figure 4.7

Entire solution space for the illustrative example

Pareto optimal solutions for the illustrative example
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4.6.2

Case Study

In this study, the author proposed a framework for optimizing the design modularization strategy
in MC-based PDHR. This section presents a case study for (1) illustrating the application and
functionality of the developed concepts, algorithms, and optimization model, (2) evaluating the
performance of the proposed methodology, and (3) defining how system variables affect the
performance of the proposed model. To this end, the author presented a hypothetical multi-project
portfolio with 100 different housing projects which resemble a large number of projects that exist
in the PDHR process. Each project has its own high-level requirements (based on Table 3.1). The
projects vary based on the number of bedrooms, the number of bathrooms, and the footage area.
In order to avoid excessive complexity, only two different floorplan design alternatives (DAs)
were considered for each project (a total of 200). Table 4.13 summarizes the information on the
housing projects.
Table 4.13
Number of bedrooms
One-bedroom
Two-bedroom
Three-bedroom
Summary

Projects’ information summary

Number of bathrooms

Footage area (sq. ft.)

One-bath
35
12
5
52

<15000
28
10
0
38

Two-bath
10
25
13
48

>15000
17
27
18
62

Total
54
37
18
100

In the first step, the author utilized the proposed configurator to generate feasible CAs for each
DA. The module configurator is capable of generating all CAs that can be obtained from the
decomposition of the building floor plan according to the process discussed in section 3.5.2.2.
However, to simplify the case study to a reasonable extent, the candidate CAs for each DA were
limited to 3 CAs, which means that each project in the portfolio had a maximum of 6 different
CAs that can be selected as a modularization strategy for that project. A total of 498 CAs were
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selected, which shows an average of almost 5 CAs for each project. The candidate CAs were
selected from the feasible CAs composed of 3 to 6 modules. Figure 4.8 shows the quantities for
CAs with the different number of modules. The average number of modules for each CA was 4.37
(a total of 2179 modules were configured).

6-moddule,
94, 19%

3-module ,
130, 26%

5-module,
129, 26%
4-module,
145, 29%

Figure 4.8
4.6.2.1

Distribution of the number of modules in CAs

Modularity Assessment

In the next step, all the CAs were analyzed to calculate their MSI using Equation 7 (equal value
were assumed for 𝑊𝐶𝐼 , 𝑊𝑇𝐼 , 𝑊𝐿𝐼 .). Then the CAs for each project were ranked accordingly. The
MSI index is the foundation for the first objective of the proposed optimization which is calculated
based on the relative score among the CAs of one single project, so it is independent of the other
projects and their modularization strategies. To this end, analysis and comparing the MSI for the
CAs of different projects can be misleading. However, the analysis of the results according to the
number of modules in CAs and their rank can be informative. Figure 4.9 illustrates the distribution
of 1st-ranked CAs according to their number of modules. This figure shows that in 48 projects the
CA with 4 modules was ranked 1 and in 41 projects 3-module CA was ranked 1st. So, it can be
concluded that the optimum number of modules in this case study was 3 or 4 modules per CA.
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60
50
40
30
20
10
0
Number

Figure 4.9
4.6.2.2

3-module
41

4-module
48

5-module
9

6-module
2

The distribution of 1st-ranked CAs according to their number of modules

Commonality Assessment

Similar to the illustrative example (Section 4.6.1), the author developed a set of parametric
platform modules (PM) to increase the commonality and re-use of similar modules in the design
modularization strategy of various projects. Nine sets of PMs varied in the number of PMs
(6,12,18) and tolerance (±2 ft., ±6 ft., ±10 ft.) were developed and used to investigate the effects
of these variables on the proposed optimization model. All CAs were analyzed to identify the
match between the configurated modules and PMs. Figure 4.10 shows the total number of matched
modules according to different sets of developed PMs. As expected, the results showed that
increasing the number of the PMs and tolerance both can increase the chance of conformance of
the configured modules with at least one of the PMs. The results of commonality assessment for
the selected CAs according to the different sets of developed PMs are discussed in the following
section.
4.6.2.3

Optimization Model
The proposed GA-based optimization model was coded in MATLAB R2018b (version 9.5)

as the implementation platform. The author used a system with Intel Core i5-7200 CPU running
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at 2.50 GHz for running the model, and each run for 100 projects took between approximately
2100 and 2340 seconds, which shows the low computational effort of the proposed methodology.
The internal parameters of the NSGA-II were defined based on multiple runs and ranking
process based on the average 𝑆 and 𝐼𝐺𝐷 values explained in section 4.5.4.5. Table 4.14 presents
the average ranking of the various parameter settings. The highlighted combination is the best

No. of the natched modules
with the PMs

parameter setting and was used in the experiments.
1200
1100
1000
900
800
700
600
500
400
6 PMs

± 2 ft.
587

± 6 ft.
877

± 10 ft.
984

12 PMs

659

1108

1137

18 PMs

720

1114

1126

Figure 4.10 The number of the conformed configured modules with developed PMs for
different numbers and tolerances.
Table 4.14

Average ranking of different parameter settings
𝑺

Parameters

𝑰𝑮𝑫 𝒓̅𝒋

𝑃𝑐𝑟𝑜𝑠𝑠 = 0.6,

𝑃𝑚𝑢𝑡 = 0.3

𝑃𝑐𝑟𝑜𝑠𝑠 = 0.6,

𝑃𝑚𝑢𝑡 = 0.45 0.0092 0.657 6

𝑃𝑐𝑟𝑜𝑠𝑠 = 0.6,

𝑃𝑚𝑢𝑡 = 0.6

0.0059 0.604 3.5

𝑃𝑐𝑟𝑜𝑠𝑠 = 0.7,

𝑃𝑚𝑢𝑡 = 0.3

0.0124 0.756 8.5

𝑃𝑐𝑟𝑜𝑠𝑠 = 0.7,

𝑃𝑚𝑢𝑡 = 0.45 0.0088 0.701 6

𝑃𝑐𝑟𝑜𝑠𝑠 = 0.7,

𝑃𝑚𝑢𝑡 = 0.6

0.0073 0.566 3

𝑃𝑐𝑟𝑜𝑠𝑠 = 0.8,

𝑃𝑚𝑢𝑡 = 0.3

0.0116 0.582 5.5

𝑃𝑐𝑟𝑜𝑠𝑠 = 0.8,

𝑃𝑚𝑢𝑡 = 0.45 0.0082 0.468 3

𝑷𝒄𝒓𝒐𝒔𝒔 = 𝟎. 𝟖,

𝑷𝒎𝒖𝒕 = 𝟎. 𝟔 0.0045 0.424 1
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0.0164 0.734 8.5

4.6.2.3.1 Experimental Results
The implemented model was utilized to find the Pareto optimal solution for the baseline problem
with 100 projects, 12 platform modules (PM), and ±6 f.t of tolerance. Figure 4.11 illustrates the
results of this experiment. The Pareto front in this figure contains 93 solutions. The solution with
the maximum MSI and the solution with the maximum commonality index (TCCI) which are two
members of the Pareto front are depicted in this figure. The former one is the global optimal
solution in terms of MSI with the value of (MSI=0.706, TCCI=0.444) and the latter one is the
optimal solution in terms of commonality with the value of (MSI=0.466, TCCI=0.766).
To investigate the effects of various variables on the optimization model and its outputs, the author
conducted several experiments varied in parameters including the number of projects, number of
developed PMs, and tolerances considered for PMs.
Figure 4.12 shows the results for three experiments in which the number of housing projects in
PDHR was set to 20, 50, and 100 with baseline assumptions for the number of PMs and tolerance
(12 PMs and ±6 ft tolerance). The results show that a higher level of commonality is achievable
when the number of projects increases.
In the next set of experiments, the number of PMs and tolerance were considered as variables and
selected from the sets of {6, 12, 18} and {±2, ±6, ±12}. Figure 4.13 and Figure 4.14 shows the
Pareto optimal solutions for experiments with various number of PMs and tolerances, respectively.
It was observed that the maximum level of commonality increases slightly when more PMs are
utilized. However, the level of tolerance can significantly affect the maximum achievable
commonality level. A low value of tolerance deteriorates the efficiency of using PMs for reaching
a higher commonality level.
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Figure 4.11 The Pareto optimal solutions for baseline experiment

Figure 4.12 Pareto optimal solutions for experiments with different number of projects
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Figure 4.13 Pareto optimal solutions for experiments with different number of PMs

Figure 4.14 Pareto optimal solutions for experiments with different tolerances
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Figures 4.15, 4.16, and 4.17 are provided to illustrate the multivariant effects of these variables on
the maximum commonality level achieved in the experiments. Figure 4.15 shows that the number
of PMs that can bring the highest level of commonality varies with the number of projects. For
instance, 12 PMs achieved the highest TCCI for 50 projects while 18 PMs achieved a higher
commonality when the number of projects is 100. The results in Figure 4.16 indicate that the effect
of tolerance on the maximum commonality is almost independent of the number of PMs. The
higher the tolerance the higher level of commonality can be obtained. However, it can be seen that
a large number of PMs alongside a wide range of tolerance may diminish the commonality to some
extent. Figure 4.17 shows that the effect of tolerance on commonality is also independent of the
number of projects in the portfolio.

Figure 4.15 Multivariate sensitivity analysis (Number of projects and number of PMs)

Figure 4.16 Multivariate sensitivity analysis (Tolerance and number of PMs)
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Figure 4.17 Multivariate sensitivity analysis (Number of projects and Tolerance)
4.7

Discussion
Decisions in the early design phase of a building project are the most influential ones on

the final design and project performance [94]. MC is a multi-stage approach that decisions in
different stages are interrelated [108]. Therefore, the suitability of modularization strategy in the
early design phase of a building should be evaluated to pre-identify how it affects the downstream
processes, such as manufacturing, transportation, and assembly. Furthermore, the implication of
MC in PDHR brings a multi-project process that the decision in the early design phase on each
project can affect the optimality of the entire process. Therefore, the suitability of the
modularization strategy is also defined by compatibility among the selected modularization
strategy for each project.
The proposed systematic optimization approach in this chapter was designed to quantify
the variables that affect the optimality of a modular design throughout the entire process of MC.
To this end, two main indices were adopted, MSI and TCCI. MSI reflected the factors after the
manufacturing process, namely the transportation and assembly, which have been less studied by
the researchers [118]. Three different practical factors of connection cost, transportation cost, and
lifting and installation cost were converted to relative indices and consequently were integrated
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into a unified index as MSI. In the illustrative example and the case study, several simplifications
were considered to demonstrate the application of the proposed approach, however, detailed
manufacturing practices must be considered to increase the precision of the calculated index that
can truly reflect the suitability of the modular design. The calculated MSI for one modularization
strategy was independent of other projects within the portfolio. In other words, the MSI can be
utilized to compare the different module configuration alternatives for a single project. The results
in the illustrative example indicated that a CA with fewer modules would be the optimal one in
most of the cases especially when TI overweight the other indices (i.e., CI and LI) in the MSI.
The other index that was proposed for evaluating the optimality of modularization strategy
was TCCI which reflects the commonality among selected configuration alternatives for all
projects within the portfolio. The commonality is a measure of economies of scale in MC [107,
183] that means the more usage of common modules, the more benefits from the mass production
and the lower cost.
The adopted commonality index, TCCI, is a well-established index in manufacturingrelated literature [172] that simplifies the concept of commonality and it is easy to set up. These
characteristics make it a proper approach for the early design phase due to limited available data
in this stage. However, there are other indices presented in the literature that incorporate more
detailed information that may provide a more realistic estimation of the commonality. These
indices can be utilized in the proposed methodology, but they require more information and effort
to set up and interpret [170].
The design process and module configurator proposed in this research utilize a top-down
approach and traditional engineer-to-order process, which is started with a floorplan governed by
customer’s specification and is followed by a configurator to decompose it into modules. Due to
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the one-of-a-kind products and integral architecture of each project, it is challenging to achieve the
desired level of commonality among different projects [115]. To overcome this challenge, the
concept of platform module (PM) was adopted which is a parametric, customizable pre-defined,
pre-engineering module that can be shared among different projects. Analyzing the modular design
to identify the modules that conform with the platform modules according to a pre-defined
tolerance allowed the author to calculate the proposed commonality index TCCI. The results of
the case study showed that properly defined and designed platform modules can considerably
affect the achievable level of commonality within a portfolio with a large number of projects such
as PDHR. The case study also revealed that the number of platform modules can be defined by the
number of projects within the portfolio, while the tolerance variable is independent of the number
of platform modules or projects and must be defined independently. The results illustrated that the
platform modules with small values of tolerance are not efficient to increase the level of
commonality. The findings in this section are consistent with the findings of Said et al, [109] that
explored the commonality through optimization of panelized wall platforms. They found that the
feasibility of an acceptable level of commonality highly depends on platform designs and
tolerances.
The optimization problem introduced in this paper can be categorized as a combinatorial
optimization problem which is an NP-hard [174] problem. With this regard, the author proposed a
metaheuristic approach based on a genetic algorithm for solving the problem. The solving
algorithm was capable of producing a high-quality set of Pareto optimal solutions according to the
𝑆 and 𝐼𝐺𝐷 metrics introduced in section 4.5.4.5. Each solution in the produced Pareto front
represents a set of selected CAs (one for each project). Decision-makers would be able to select
any of these solutions based on their preferences and distinct conditions. Because the measuring
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units for MSI and TCCI pursue the heterogeneous aspects, it is not practically feasible to compare
the solutions according to their criteria. Thus, all these solutions can be considered optimal because
there is no other solution that can dominate them in all objectives. Choosing one solution among
these options is purely based on the preferences of the decision-makers. Several methods for postPareto analysis to reduce the number of solutions in the Pareto set have been developed, such as
the nonuniform weight generator method [184], k-means clustering [185], Greedy Reduction
approach [186], and value efficiency approach [187]. These methods can also be utilized by
decision-makers to select a specific solution among Pareto optimal solutions.
4.8

Conclusion
The implication of MC in PDHR as a highly complex process with a large number of

projects raises a two-level optimization problem concerning modular design, namely project-level
and portfolio-level optimization. The project-level optimization problem aims at finding the
optimal modularization solution among all configuration alternatives of that project, while the
portfolio-level optimization problem focuses on selecting a set of CAs (one for each project) in a
way that increases the commonality among selected CAs. Three major components were presented
to tackle the mentioned optimization problems. First, a systematic approach was also presented to
quantify some practical factors from various stages of MC into indices which enable the users to
evaluate the suitability of a module configuration alternative. Second, the author adopted the
concept of the platform module as a parametric customizable module that can be shared among
different projects to increase the commonality. And third, a GA-based solving algorithm was
proposed to deal with the complexity of the abovementioned optimization problems. The findings
revealed the effectiveness of using platform modules to achieve an acceptable level of
commonality which can bring the benefits of mass production to PDHR without constraining the
design.
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This chapter contributes to the body of knowledge by:
•

Providing a new MC-based PDHR framework considering the requirements of a multistage process for mass production.

•

Proposing a systematic approach that evaluates a design modularization strategy in the
early design phase considering all downstream processes.

•

Incorporating the commonality as one of the main objectives for optimization of
modularization strategy

•

Adopting the concept of customizable modules as “Platform Modules” to increase the
commonality without constraining the module configuration process.

•

Proposing an optimization model and solving algorithm for the complex MC-based
PDHR optimization problem to satisfy the requirements and constraints of the PDHR
process.

This research, however, has the following limitations:
•

The proposed MSI and TCCI aimed at creating a systematic approach for quantifying the
components affecting the optimality of modularization strategy. The utilized indices in this
research were simplified forms of indices that can reflect the modular suitability and
commonality. This simplification can be justified by the scope of this research which focuses
on the early design phase when a limited amount of data is available [188]. However, choosing
more accurate indices and factors can lead to a more realistic estimation of modular suitability
and commonality.

•

According to Jensen [108], platforms can be categorized as standard modules, variant modules,
design modules, and unique modules. However, in his research, the author generalized the reusable modules (i.e., standard modules, variant modules, design modules) as a concept of
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platform modules. This generalization weight each type of platform equally when calculating
the commonality, while in practice these types of modules differ in contribution to the
commonality and increasing the benefits from mass production. For example, using a standard
module is more beneficial than using a customizable module because the latter needs extra
effort and time for customization. In addition, the level of variation from the platform module
also can be influential in the level of commonality which was not considered in the proposed
model.
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CHAPTER 5.
CONTRIBUTIONS, CONCLUSIONS, AND FUTURE
WORKS

5.1

Contributions
The contributions of the dissertation are as four-fold:

•

Expanding our knowledge about the modular construction method in aspects of feasibility,
benefits, and barriers of its implementation in the post-disaster reconstruction process, which
has not been fully investigated in the previous studies.

•

Proposing an integrative generative design process including (1) an innovative GAN-based
design generator capable of generating unlimited but constrained building floorplans according
to the defined requirements, (2) a top-down, engineer-to-order module configuration algorithm
based on the current practices in the volumetric MC industry that capable of providing module
configurations by decomposing the floorplan into manufacturable, transportable, and
assemblable modules, (3) an IFC-based 3D BIM model to improve the design-production
coordination.

•

Adopting the concept of customizable modules as “Platform Modules” to increase the
commonality without constraining the module configuration process, which enables the
incorporation of the commonality as one of the main metrics for evaluation of modularization
strategy.

•

Defining the MC-based PDHR as a multi-stage multi-project process and proposing an
optimization model including: (1) a systematic approach to quantify the suitability of
modularity in the project-level and the portfolio-level considering all downstream processes.
(2) a GA-based solving algorithm capable of producing high-quality Pareto optimal solutions
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with low computational effort for the complex combinatorial optimization problem of finding
optimal modularization strategy within the PDHR portfolio.
5.2

Conclusions and Findings
The concluding remarks and finding of the dissertation can be summarized as:

•

The results of the targeted literature review and survey of subject matter experts revealed that
there is a consensus among researchers and practitioners that MC can be utilized as a holistic
approach for rapid mass PDHR.

•

The results in chapter 2 illustrated that although MC can offer the most time-efficient strategy
for PDHR, a construction method is not the only factor that determines the completion time of
the projects because of a complex and demanding situation after a disaster. The chaotic
environment, social and political considerations, and funding limitations are the other decisive
factors that can affect the completion time of post-disaster recovery projects.

•

The identified barrier “Design practice and construction culture” in using modular methods is
not limited to its implication in post-disaster reconstruction projects. Other scholars found that
this is one of the most important attitudinal barriers to the adoption of MC. However, problems
in the MC design practices are not only an attitudinal barrier but also a technical barrier, which
can impact the tendency of stakeholders and the efficiency of its implication in PDHR.

•

The developed generative design system helps to avoid the iterative and time-consuming
process of a housing design which requires the experience and expertise of designers and
considerable time and energy. It provides a capability to generate unlimited but constrained
floorplans in a short time and with low computational effort. In addition, the developed module
configuration algorithm complies with the current practices in the traditional engineer-to-order
design process and is able to flexibly modularize the design considering the MC constraints.
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Despite the fact that these two components worked in an integrative way in this research, for a
better result, these two components need to be combined into one system to improve efficiency.
The proposed CoGAN model was tried to be trained on different requirements, however, the
accuracy of the results decreased significantly for more detailed requirements.
•

The complexity of the two-level optimization problem would have a combinatorial explosion
by increasing the number of projects, which makes it challenging to find the optimal solution.
In this research, the authors used a preselection strategy that shortened the time of the NSGAII convergence. Incorporating other heuristic and innovative approaches to find the Pareto
optimal solutions can significantly enhance the effectiveness of solving the algorithm.

•

Utilizing the platform concept is inevitable for achieving the desired level of commonality in
the case of the MC-based PDHR problem. The results of the case study in chapter 4 showed
that properly defined and designed platform modules can considerably affect the achievable
level of commonality within a portfolio with a large number of projects such as PDHR. It was
also concluded that the number of platform modules can be defined by the number of projects
within the portfolio, while the tolerance variable is independent of the number of platform
modules or projects and must be defined independently.

5.3

Future Works
The proposed frameworks and methodologies can be improved in many aspects:
•

The scope of this work was limited to the early design phase and mainly focused
on architectural design and overlooked the structural design which plays an
important role in design, manufacturing, and assembly phases. So, expanding the
scope of the work for including different aspects of the design could be one of the
possible directions for future research.
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•

As discussed in the previous section, combining the generative model and module
configuration algorithm into a unified model would add value to the research by
improving the efficiency of the integrated generative design system for modular
houses. However, there are several limitations regarding the adopted CoGAN
discussed in section 5.2. So, one possible direction for the future improvement of
this research is exploring other types of GAN models which are able to overcome
the current limitations.

•

The optimization model presented in chapter 4 employed some simplification in the
calculation of MSI and TCCI due to the limited data available in the early design
phase. However, it was mentioned that developing a precise MSI and TCCI highly
depends on manufacturing practices. So, conducting a real-world case study in
collaboration with a modular house manufacturer or contractor would be helpful to
investigate the validation of the proposed methodology.

•

Although the NSGA-II algorithm was able to produce a high-quality set of Pareto
optimal solutions, exploring other solving algorithms, such as reinforcement
learning, and other metaheuristic methods could be a direction for future research
aiming at (1) validating the findings in this research by comparing the results and
(2) deal with the complexity of the proposed optimization problem when the
number of the projects increases.
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APPENDIX A. MODULAR CONSTRUCTION APPROACH FOR RAPID
POST-DISASTER RECONSTRUCTION SURVEY
This survey has been designed as a part of a research project in the CICI lab, in the department of
construction management, at Louisiana State University, under the supervision of Dr. Yong-Cheol
Lee, to investigate the feasibility and practicability of a modular construction approach for rapid
post-disaster mass reconstruction. In addition, this survey involves the examination of current
opinions and perceptions of experts in the modular construction industry. Thus, the questions in
this survey ask about the potentials of modular construction for facilitating the design and
construction processes of the post-disaster reconstruction as well as the major benefits and
underlying barriers of its implementation and application. Your responses will be crucial in
investigating a new post-disaster recovery method for rapid mass reconstruction of damaged
buildings and developing an innovative framework for efficient implementation plans of the
modular construction-based post-disaster recovery process.
Section 1: General information
▪

Company's primary service (select one):
 Owner/Developer  Contractor/CM

 Engineering

 Subcontractor

▪

Position in company:

▪

Total years of industry experience:

▪

Have you incorporated Modular Methods/Pre-Fabrication in one or more projects in the last 5
years?
Yes
No

▪

Have you ever been involved in a project that deploys a modular method for reconstruction
projects?
Yes
No
Section 2: Feasibility-related questions
▪

Do you think the modular construction approach can be adopted for rapid reconstruction
of individual buildings damaged by disastrous events such as hurricanes, floods, or
wildfire?
 Strongly Agree

▪

 Agree

 Disagree

 Strongly Disagree

Do you think the modular construction approach can be adopted for mass reconstruction
of buildings differently designed?
 Strongly Agree

 Agree

 Disagree

130

 Strongly Disagree

▪

Do you think the modular construction approach can reduce the required time for the
reconstruction of a large number of buildings damaged by disaster events such as
hurricanes, floods, or wildfire?
 Strongly Agree

▪

 Agree

 Disagree

 Strongly Disagree

Do you think the modular construction approach can reduce the required cost for the
reconstruction of a large number of buildings and infrastructure damaged by disaster
events such as hurricanes, floods, or wildfire?
 Strongly Agree

 Agree

 Disagree

 Strongly Disagree

Section 3: Benefits and Barriers
▪

How the following benefits make the modular method suitable for post-disaster recovery
projects?
Benefits

No benefit

Small

Moderate

Significant

Easier access to required labor and material









Better Predictability/Reliability









Better Quality









Better Site Operations









Improved Schedule









Increased Productivity









Increased Safety









Less required space for job site in damaged area









Less Site Disruption









Lower Cost









Potential for quick response









Reduced Site-based Permits









Reduced Waste









Reduced Weather Impacts









Sufficient Labor Supply
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▪

How the following barriers make the modular method unsuitable for post-disaster
recovery projects?
Benefits

No barrier

Small

Moderate

Significant

Design practices and Construction culture









Transportation / Logistics









A/Es Tendency









Concern for Quality









Contractor Capability/Leadership/Experience









Coordination









Cost vs. Value









Design Freeze









Distance from Factory to Site









Fabricator Capability/Leadership/Experience









Industry Knowledge









Initial Investment









Labor Union









Manufacturing Technology









Owner Tendency









Regulations + Codes + Approval from Authorities









Site Operations









Supply Chain + Procurement









Unpredictable conditions and lack of ability for planning
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